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and General Summary 
Background of the work 
Mass transfer through ion exchange membrane 
Organic polymer membranes containing ionic groups such as sul-
fonate, calboxylate, and ammonium groups show an ion perm-selective 
behavior1•2), and they are called ion-exchange membranes. Hydrocar-
bon type cation/ anion-exchange membranes and perfluorinated cation-
exchange membranes are now commercially available. Main subject of 
hydrocarbon type ion exchange membranes is their use in electrodialysis. 
In contrast to hydrocarbon type ion exchange membranes, perfluorinated 
cation exchange membranes can be applied for not only a diaphragm 
in electro dialysis but also diaphragm in brine cells and in the other 
electolyzers3), and electro organic syntheses4), because the membranes 
have stability against oxidizing and reducing reagents, various solvents, 
acid or base, and high temperature (ea. 100 OC)5•6). The chemical stabil-
ity of the perfluorinated ion exchange membranes also enable us to bind 
a metal electrode on the membrane surfaces7- 10). When ion exchange 
membrane used for these purposes, the membranes composites called the 
SPE® composite electrode. The SPE® composite electrode can be uti-
lized for solid polymer electrolyte membrane fuel cells (PEMFCs )1-lo), 
and electro organic syntheses4•11- 24). 
Fundamental properties of the ion exchange membrane such as a 
transference number of perm-selective ions, ionic conductivity, membrane 
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potential, and so on are governed by mass transfer mechanism of ions 
through the mcmbrane2>. 
Theoretical treatment of mass transfer mechanism of ions through 
the ion exchange membrane is based on Nernst-Plank equation25) or on 
irreversible thermodynamics26). In practical usage of t hr ion exchange 
membrane, properties of ion exchange membranes such as ion exchange 
selectivity and swelling properties have been corclated to degree of poly-
mer cross-linking, exchange group contents, and others. Some of the 
results reported for hydrocarbon type ion exchange membranes are sum-
marized as follows2>: 
Although concentration of ion exchange groups of a membrane in-
creases with increasing ion exchange capacity of the membrane, Donnan 
exclusion of eo-ions is dominated by concentration of ion exchange groups 
other than an ion exchange capacity of the membrane. \Vater uptake of 
cation exchange membrane increases with increasing pKa of anionic ex-
change group and with decreasing a degree of cross-linking of the mem-
brane. Decreasing water uptake of the membrane results in the decreasing 
the ionic conduct ivity and increasing the concentration of ionic group of 
the ion exchange membrane. 
Applying DC current also affects the mass transfer behavior of ions 
but their effects have not been well acomplished27). 
Applications of the perfluorinated cation exchange membranes 
In applications of perfluorinated cation-exchange membranes~ use 
of the membranes are classified into following two groups. 
1. Application as diaphragm in electrolyzer. In this application, a 
cation-exchange membrane separates two electrolyte solution phases, 
namely anolyte and catholyte. The arrangement for this applica-
tion is schemcatically described in Fig. 1 (a). In this case, the 
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membrane acts merely as a cation perm-selective diaphragm and 
cations permeate through the membrane under electrochemical po-
tential gradient3.25). 
2. Application as solid polymer electrolyte membrane. In this applica-
tion, a porous electrode is directly bound on the surface of cation ex-
change membrane. A porous electrode /polymer electrolyte interface 
offers an active site for electrochemical reactions and the arrange-
ments of (b), (c) of Fig. 1. are available for use in fuel cells 7 -lO), and 
the other electrochemical applications. For example, the new type 
of electroorganic synthesis (SPE electroorganic synthesis) have been 
reported by Ogumi et al.4,11-24). 
Applications of perfluorinated cation exchange membranes in the latter 
case are of interest. \Vhen the membrane is applied as diaphragm in 
brine cell using the cell arrangement shown in Fig. 1 (c)~ electrochemical 
reactions occurred at the both side of thr polymer electrolyte membrane 
cornposite electrode surfaces. Chlorine and hydrogen are produced at the 
anode and cathode, respectively. Since tlH' thickness of the membrane is 
thin, thr produced gases easily permeate through the ion exchange mem-
branr and reach to the opposite compart1nrnts. This mixing of the gases 
is not favorable to the system and one of the rriost important role of the 
diaphragm in these applications is to prevent the reactants/products from 
mixing one another. Therefore. much attention has been so far focused 
on the permeation behavior of neutral species like ionic species28- 33). 
Mass transfer through the p erfluorinated cation exchange mem-
branes and the structure of the membranes 
Perfiuorinated ion-exchange membrane is consisted of perfluoro-
backbone and anionic gToups are fixed to the backbone. Chemical struc-



































F igure 1 Arrangements of a cation-exchange membrane in clcctrochem-
ical applications. 
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fonate groups (Nafion ® , availablr from E.I. Dupont de Nemonrs and 
Company) and containing carboxylatr groups (Flemion® , available from 
ASAHI Glass Co.) are shown in Fig. 2 (a) and (b), respectively3>. PTFE-
like perflnoro-backbone of the membranes results in high chemical and 
thermal stability of the membranes. Previously Matsui et al. had been 
attempted to prepare a perfluorinated anion exchange membranc34>, but 
stability of the membrane was lower than that of cation exchange mem-
branes. 
As shown in Table 1, the dependencies of fundamental properties 
of the ion exchange membranes on fixed anionic groups are similar to 
those of hydrocarbon type ones. For example, pKa value of sulfonate 
group is smaller than that of carboxylate group and water uptake (mol 
sorbed water per mol exchange site) of Nafion is higher than that of 
Flemion6>. Higher water uptake for Nafion than for Flemion leads to 
smaller ionic conductivity and higher cation perm selectivity for Flemion 
than for Nafion. 
Table 1 Elcctrochemical properties of perfluorinated cation exchange 
membrane. 
pKa 
t+ in 4 M NaOH 
t+ in 12 ~1 NaOH 
mol sorbed water 
per mol exchange site. 
(for Na+ form) 













On the other hand, swelling properties for perfluorinated cation 
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m 0 or 1 
n 1 - 5 
(b) Chemical strucure of Flemion 
Figure 2 Chemical structure of Nafion and Flemion. 
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exchange membranes are quite different from those for hydrocarbon type 
ones. For example, Yeo reported37) that. two distinct swelling envelopes 
were observed for Nafion and he concluded that I\afion has dual cohesive 
energy. 
Much attention have been so far focused on mechanical38), 
structural39- 45), permeation28- 33•46 - SI) properties, and cation-exchange 
selectivity52- 54) of Nafion type perfluorinated cation-exchange mem-
branes. Nafion has a microscopically phase separated structure con-
sisted of ionic clusters and hydrophobic backbone, and the polymer is 
not cross-linking.39- 45) The ionic clusters are linked by narrow channels 
one another45). Yeager et al.29) and Ogumi et al.32) proposed that there 
exist an interfacial region between hydrophobic polymer backbone and 
hydrophilic ionic clusters as is shown in Fig. 3. This morphological 
structure of l'\afion type perfluorinated cation exchange membranes is 
different from that of conventional hydrocarbon type ones. Hydrophobic 
species including organic cations interact with the hydrophobic region 
(both the perfluoro-backbone (A) and the interface region (B), which are 
located between perfluoro-backbone (A) and ionic clusters (C)) of the 
polymer and hydrophilic species interact with hydrophilic region (ionic 
dusters (C)) of the membrane. Mass transfer behaviors of ions and neu-
tral species through the membranes are influenced by these peculiarly 
structure. 
Inaba et al. applied these microscopically phase separated struc-
ture of Nafion to electrochemical organic synthesis using SP~ composite 
clccrodc23•24) . In the case of electroorganic syntheses using SPED composite 
electrode, DC current is applied to the electrodes. Application of DC 
current. also affects the mass transfer behavior of hydrophobic species 
through the membranes. 
Ogumi et al. reported that32•33), hydrogen and oxygen permeate 
through interfacial region betwc('n hydrophobic fluorocarbon and hy-
-9-
H 0 Na + 2 
c 
Figure 3 Schematic model of micro structure of Nafion type perfluori-
nated cation-exchange resin. 
(A) : Hydrophobic polymer backbone region. 
(B) : Interfacial region. 
(C) : Hydrophilic ionic clusters region. 
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drophilic ionic clusters of the perfiuorinatrd cation-exchange membrane, 
because concentration and diffusion coefficient of these gases in the mem-
brane are quite different from those in water and they are close to those 
in perfluorinated organic solvents. Permeation phenomena of hydropho-
bic species through the perfiuorinated cation exchanging membrane show 
interesting problem. 
In application to fuel cell systems7- 10), H2-02 solid polymer electro-
lyte membrane fuel cells (PEMFC) operating at low temperature (up to 
100 CC), many workers have been attempted to reduce the platinum load-
ings of catalyst layer in PE:NIFC55- 58) . However, criterion for designing of 
the catalyst layer in PEMFC has not been accomplished. In the polymer 
electrolyte membrane composite electrodf, metal particle should be de-
posited in hydrophilic ionic cluster regions of the membrane. Microscop-
ically phase separation structure of the perfluorinated cation exchange 
membrane and hydrophobic interaction between the membrane and hy-
drophobic species strongly affect the mass transfer behavior through the 
membrane. In this composite electrode, electrochemically active hy-
drophobic species such as oxygen and hydrogen may react at the com-
posite electrode easily, because the composite electrode is expected to 
provide a suitable gas diffusion electrode. 
Mass transfer of cationic and neutral species through the mem-
branes should also be influenced by difference of anionic group fixed in 
the membrane. Studies of a perfluorinated carboxylate cation exchange 
membrane have recently been reported59- 61 ) . X-ray analysis results indi-
catc that the membrane is consisted of ion clusters as well as Nafion59•61). 
In perfiuorinated cation exchange membranes, it is expected that the dif-
ference in water uptake affect not only an ionic conductivity and cation 
transference number of the membranes but also properties of the ionic 
clusters. 
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Outline of the work 
As descried in the above, the difference in water uptak<' oft h<' ion cx-
changr n1embranes affects the mass transfer behaviors through the mcnl-
branes, which difference is strongly influenced by degree of cross-linking of 
the polymer, pKa of the fixed anionic groups, and co-existing cations. In 
application of the perfiuorinated cation exchange membranrs to PE~IFC 
and E>lf'ctroorganic synthesis, mass transfer of hydrophobic species such 
as hydrogen, oxygen, and organo cationic species are important subjects 
to be clarified. ThE> purpose of the present study is to understand the hy-
drophobic/hydrophilic interaction between ion exchange mrrnhrane and 
the materials to bE> permeated, and their effect of mass transfer behavior 
through the membranr. 
In part L mass transfer brhavior of hydrophobic specirs through 
the perfinorinated cation exchange membrane was investigated from thr 
viewpoint of the water uptake and pKa of thP membranes. Infiuenc<' 
of application of DC current across the perfluorinated cation exchang<' 
membrane on the permeation behavior of hydrophobic species through 
the mE-mbrane was also investigated. Oxygen and aniline wcr<' chosen for 
this purpose because of their electrochemical importance. 
In chapter 1, dependency of the permeation behavior of oxygen 
through a perfluorinated cation exchange membrane on fixed anionic 
groups in the membrane was discussed. Solubility and diffusion coeffi-
cients of oxygen in the perfluorinated carboxylate cation exchange mem-
brane (Flemion) of different counter-ions and different equivalent weight~ 
(E\V = 700 and 800) were measured and were compared to those in 
Nafion. Solubility decreased with increasing water content of the mem-
branes. The diffusion coefficient in 700 EW membranes increased with 
increasing water content, while that in 800 E\V membranes decreased 
slightly. On the basis of these results, the diffusion path of oxygen through 
12 
the membranes was discussed in t<'rms of rnorplwl(J~Y of pc·rfhwrinated 
ion-exchang<' membranes. 
In chapter 2, th<' permeation hehavior of anilinf• through Xafion 
117, perfluorinated sulfonate cation-exchange nl<'rnbrane, \vas investi-
gated from the viewpoint of water uptake of the membrane. The par-
tition cocfficiPnt of aniliniun1 cation to Nafion, k, was found to be 1.04 
x 103 and that of neutral aniline to Nafion, kn, was 2. The selectivity 
coefficient for anilinium cation over proton, ]{~N, was 69. These results 
indicatE-d that anilinium cation has affinity to Nafion. The water content 
of aniliniun1 form :\afion was 10.7 moles of H20 per tnole of S03. The ap-
parent diffusion coefficient of aniline, Dapp' through Kafions in different 
cationic fonn were measured. The diffusion coefficient linearly increased 
with increasing water contents in Nafion. On the other hand, the appar-
rnt diffusion flux of n<'utral aniline was high owing to the dissociation of 
anilinium cations within the membrane. 
In chapter 3, transport phenomena of anilinr throug~ a perfiuori-
nated sulfonate cation-exchange metnbrane, ='Jafion 117, in different water 
uptake ,,,.ere investigatrd under passage of DC current. \i\rater uptake is 
controlled hv ionic form of the membranes. In every form of the mem-
branes, increase in transport number of anilinium cation was observed 
in the current density ranging from 0.3 to 1.3 inA cm-2. The transport 
number of the aniliniutn cation in the Cs+ form was larger than that 
rxpectecl frmn the concentration and diffusion coefficient of the anilin-
ium cation in C s+ form Nafion. These transport phenomena of aniline 
n1ay be attributable to a structural change of ~afion or a decrease in 
hydrophobic interaction between the anilinium cation and Nafion caused 
by the passage of DC current. 
In part II, mass transfer phenomena through a composite electrode 
copmposed of the porous metal electrode layer directly bound on :\afion 
(SPE® c01nposite electrode) and their utilization to electrochernical ap-
13 
plications \VerC' investigated. 
In chapter 4, hydrogen oxidation reaction on anode in polymer elec-
trolyte membrane fuel cells (PEi\fFC) was chosen as a model reaction for 
understanding a rnass transfer 1ncchanism around the polymer electrolyte 
composite electrode. Although hydrogen is less soluble in the pC'rfl.uoro-
backbone of :\ afion than oxygen, hydrogen oxidation reaction proceeds 
rapidly at platinum electrode. A platinum microelectrode was inserted 
into a perfl.uorinated sulfonatc acid resin particle, ~afion ® NR50, un-
der hydrogen atmosphere and hydrogen oxidation current was 1neasurC'd 
at differC'nt insertion depths. ThC' current dependencies on the insertion 
depth we're calculated by mathematical calculation using cylindrical dif-
fusion model and \Vas compared to the experimental results. The results 
indicated that hydrogen oxidation reaction on anode in PEMFC pro-
ceeded under diffusion limiting conditions of the reactant gas through 
the polymer electrolyte layer. 
As discussed in chapter 4. polymer electrolyte membrane compos-
ite electrodes serve as a high performance gas diffusion electrode for hy-
drophobic gas such as hydrogen. Even if the porous electrode is cov-
ered with gas permeable polymer film. the gas should penetrate the film 
and reach the active site for elcctrochemical reaction. In chapter 5, a 
new type amperometric oxygen sensor operating at room temperature 
was constructed using Nafion composite electrode and oxygen pcrmeahl<> 
polymer film which tightly bound on the electrode surface. Oxygen wa5 
chosen instead of hydrogen, because oxygen detection is of practical in-
terest. For oxygen partial pressure ranging from 0 to 1 at m, oxygen 
reduction reaction at the composite electrode proceeds under the condi-
tions of diffusion limiting of oxygen through the polymer film. From the 
discussion of fundamental propC'rties of the new type oxygen sensor, fur-
thermore, the s<>nsor offers a new method for gas permeability coefficient 
measurement through polymer films. 
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In chapter 6, the attention was focused to miniaturization of the new 
type oxygen sensor composed of tightly stackC'd membrane/ electrode/ elec-
trolytc. Nafion® NR50 was chosen for this purpose. A porous platinum 
cathode was directly deposited on ~afion l\R50, and perfiuoro-polymer 
layer was dir<>ctly hound on the cathode using plasma polymerization. 
Plasma polymerization is well known as a method for covering a thin 
polymer film on a substrate. Decreasing the thickness of OTL membrane 
enhanced response time and sensitivity of the sensor. Dissolved oxygen 
content in water was determined by the new sensor and found that the 
signal current of the sensor linearly increased with increase in the dis-
solved oxygen concentration ranging from 0 to 30 ppm. 
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Part I 
Permeation Phenomena Through 




Through Perfluorinated Carboxylate 
Ion Exchange Membranes 
1.1 Introduction 
Solid polymer electrolyte (SPE® ) composite electrodes have been 
extensively studied for use in water electrolyzers1), brine electrolyzers2), 
fuel cells3), and organic syntheses4- 6) . In these applications, gas perme-
ation through an SPE material results in a decrease in current efficiency. 
This has been observed in Kolbe-type reactions using a "both sides" SPE 
method6) as well as in water electrolysis. A fundamental understanding 
of the gas prrmeation is needed to improve current efficiency. The perme-
ation of diffusants depends strongly on the properties of SPE materials 
and on the conditions encountered. The understanding of the gas perme-
ation may also provide useful information about the morphology of SPE 
materials. 
The morphology of perfluorinated sulfonate and carbox~·late ion ex-
change membranes has attracted much attention of man~- worker~ 7 - J;n . 
Gierke et al. proposed an ionic duster model for prrfiuorinated sulfonate 
ion exchange membranes (NafimfD . E . I. du Pont dr :\rnwurs and Co.). in 
23 
which hydrophilic ion-exchange sites, counterions and water are phasC'-
separated from hydrophobic fluorocarbon backbone material7). YC'agC'r 
and Steck modified Gierke's spherical ionic cluster model, and proposed 
the presence of an interfacial region between the ionic cluster region and 
the hydrophobic fl.uorocarbon region of Nafion10). Ogumi et al. studied 
the permeation of hydrogen and oxygen through f\afion membranes, and 
determined solubilities and diffusion coefficients of hydrogen and oxygen 
in :\ afion 14 .15). They reported that the solubilities of hydrogen and oxy-
gen in :\afion were close to perfluorocarbon media, and that the diffusion 
coefficients were independent of water content of Nafion. From these re-
sults, they concluded th~t both gases permeate through an "interfacial 
region:' which is not a simple interface, but consists of a flexible amor-
phous part of fluorocarbon backbones, and they proposed a three-phase 
model for N afion 15). 
In this chapter, oxygen permeation through perfluorinated carboxy-
late ion exchange membranes (Flemion ® ) donated by Asahi Glass Co. 
is investigated. The structure of Flemion is shown in Fig. 1.1 16). Sol-
ubilities and diffusion coefficients of oxygen in the membranes of differ-
ent counterions and EW s are determined. The diffusion path of oxygen 
through the membranes is discussed in terms of morphological properties 
of perfluorinated ion exchange membranes. 
m 0 or 1 
n - 1 - 5 




Perfluorinated carboxylate ion exchange membranes (Flemion, 
Asahi Glass Co.) with nominal equivalent weights (EWs) of 700 and 
800 (1.44 and 1.25 meqjg-dry polymer, respectively) and with different 
thicknesses were used for permeation studies. These membranes are re-
ferred to as Al, A2, Bl and B2 (see Table 1.1). The membranes were 
pretreated by soaking them in boiling water in N a+ -form for 30 min. Af-
ter soaking, membrane thickness was measured with a micrometer. The 
values are listed in Table 1.1. Platinum was deposited on one side of the 
membrane using an electroless plating method described previously3•14). 
The prepared SPE composite electrode, referred to as Pt-Flemion, was 
equilibrated with 0.5 M (M = mol dm-3) M2S04 (M = Na, K and H) at 
25 CC for 36 h. 
Water contents of the membranes were determined as follows. After 
equilibration, a membrane sample (without Pt deposition) was quickly 
blotted between sheets of filter paper and weighed. After dried in vacuum 
at 100 CC for 48 h, the sample was weighed. The mass of water was 
determined by subtracting the mass of the dry polymer from the total 
mass. The water content was presented as grams of water uptaken/grams 
of dry polymer. 
1.2.2 Chemicals 
All chemicals were of reagent grade, and used without further pu-
rification. Oxygen was of purity higher than 99.8 %. 
1. 2. 3 Electrolytic cell and permeation measurement 
A schematic diagram of the experimental cell used for permeation 
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Table 1.1 Solubilities and diffusion coefficients of oxygen in Flemion 
membranes at 25 CC. 
Sample EW M+ thickness water CO D X 107 
/ J-Lm content* /mM /cm2s-1 
Na+ 85 36.6 4.5 2.9 
A1 700 J(+ 85 30.0 3.8 3.7 
H+ 75 10.2 14.2 1.1 
Na+ 170 31.9 3.5 4.0 
A2 700 J{+ 169 30.8 2.8 5.3 
H+ 159 12.3 13.3 1.7 
Na+ 75 33.8 5.9 0.47 
B1 800 J(+ 73 13.2 5.0 0.61 
H+ 70 8.7 17.8 0.66 
Na+ 144 23.7 11.7 0.54 
B2 800 ]{+ 142 19.5 10.6 0.55 
H+ 135 6.2 14.9 0.87 
* In the unit of g H20 / g dry polymer. 
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study is shown in Fig. 1.2. The cell was composed of two compartments. 
which were separated by Pt-Flemion. The effective geometric surfacP 
area of the SPE composite electrode was 3.1 cm2. The volume of each 
compartment was 40 cm3. Electrode potentials were measured as volts 
vs. Ag/ AgCl (3.3 M KCl). The right-hand side (Fig. 1.2) compart-
ment was filled with a solution of the same composition as that used for 
equilibration (0.5 M M2S04, M = Na, K and H) to prevent the mem-
brane from changing its water content during measurements. The entire 
cell was placed in a water bath maintained at 25 CC. Oxygen permeation 
through the Flemion was monitored using an electrochemical technique 
described previously14). The left-hand side compartment was first filled 
with pre-humidified argon. Then, the gas was changed in stepwise to 
pre-humidified oxygen, and a build-up curve was obtained. The monitor-
ing was carried out under the mass-transfer limiting conditions that all 
of oxygen molecules permeating through the membrane were reduced on 
the electrode. The electrode potential was set at -0.25 V vs. Ag/ AgCl14). 
In a similar manner, a decay curve was obtained by changing the gas 
from pre-humidified oxygen to pre-humidified argon. The resulting data 
were analyzed by a technique described previously to determine diffusion 
coefficients and solubilities of oxygen in the membranes14). 
1 .3 R esults 
1. 3.1 Water content 
The water content of ion exchange membranes affects their trans-
port properties. ~feasured water contents of the Flemion membranes 
used in this study are listed in Table 1.1. The water content of the mem-
branes decreased in the order JVa+ -form > ](+-form > H+ -form. For a 
given counterion, the water content values of 700 EW membranes (A1 










Figure 1.2 Schematic diagram of thC' electrochemical test cell using an 
SPE composite electrode. 
WE= Pt-Flemion: CE =Platinum wire; 
RE = 3.3M Ag/ AgCl; IEM = Flemion. 
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1.3.2 Permeation of oxygen 
Experimental transient curves of lt/ loo(= it/ioo) and theoretical 
ones for Fickian diffusion plotted against time (t) are shown in Fig. 1.3, 
where lt, .!00 , it and i 00 denote the oxygen flux at time t, the steady-state 
flux at t ---+ oo, the current at time t. and the steady-state current at t ---+ 
oo, respectively. Both build-up and decay curves were in good agreement 
with the theoretical ones. Solubilities ( c0) and diffusion coefficients (D) 
of oxygen were evaluated from the buildup and decay curves using the 
relations; D = 0.138/2 /t1; 2 and j = nF Dc0 jl, where l is the membrane 
thickness, and t 1;2 is the time at which ltf loo reaches 1/2 (see ref 14) 
for details). The results are summarized in Table 1.1. Each value is an 
average of more than three measurements. 
1.4 Discussion 
1.4.1 Water content 
ThC' water content of Flernion membranes decreased in the order 
.Y a+ -form > J{+ -forrn > H+ -fonn. This order is in agreement with the 
order obtained by Nakano et al. for Flernion membranes with ion ex-
change capacities of 1.25 and 1.80 mcq/ g13). Low water content values 
of H+ -forrn membranes should be attributed to low acidity of -COOH. 
The water contents of the .. va+ -form Flemion membranes (EW = 700 
and 800) are comparable with those of .Ya+ -form Kafion of E\V = 1000 
- 1100 17). 
1.4.2 Solubility of oxygen 
Figure 1.-1 shows the solubility Yalues of oxygen in Flernion plot-
t('<l ap;aiust wat<'r/ion exchange site mol ratio (Nw), i.e., the number of 











LID t 1-2 
Figure 1.3 Oxygen permeation transient. Solid lines and ci_rcles : the-
oretical curves. Broken lines : experimental results for B..+ -type Pt-
Flemion at 25 CC. 
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branes of different EW s fell on different straight lines. The solubility 
decreased with increasing Nw, i.e., increasing water content. For a given 
Nw, the solubility in 800 E\iV membranes was higher than that in 700 
EW membranes. Table 1.2 shows solubility values of oxygen in various 
media15•18- 20). It should be noted that the solubility values in Flemion 
membranes arc much higher than that in water. 
Ogumi et al. studied the permeation of oxygen and hydrogen 
through perfiuorinated sulfonate ion exchange membranes, N afion , of dif-
ferent counterions15). They observed that the solubility of oxygen in the 
Nafion membranes (about 10 m~ I) was independent of water content 
of the membranes, and that the solubility values were close to the val-
ues in perfiuorocarbon media rather than to that in water (see Table 
1.2). They also observed that the diffusion coefficient of oxygen in the 
Nafion membranes was independent of their water content. Similar re-
sults were reported for the solubility and diffusion coefficient of hydrogen 
in thf' Nafion membranes. From these observations, they concluded that 
oxygen and hydrogen permeate through a hydrophobic interfacial region 
which consists mainly of a flexible amorphous part of the fluorocarbon 
backbones of K afion. 
Tsou et al. studied the permeation of hydrogen through Dow's 
sulfonate and carboxylate ion exchange membranes, which have shorter 
side chains than Nafion and Flemion membranes17). The solubility Yalues 
and the diffusion coefficients of hydrogen through the Dow's membranes 
were not close to the values either in water or in polytetrafluoroethylcne. 
They also concluded that hydrogen permeates through interfacial areas 
located between the hydrophobic fiuorocarbon backbones region and the 
hydrophilic ionic cluster region. However, they thought that a substantial 
por tion of the "interfacial areas" is in the aqueous phase in their model. 
Perfluorinated carboxylate ion exchange membranes are known to 
have a cluster-network structure similar to that of Nafion 12). It is obvious 
- 31 
20 
H+ ~ : A1 
0 
• : A2 
0 : 81 
• :82 
(") + I eNa E 
"0 









0 5 10 15 
Nw 
Figure 1.4 Oxygen solubilities in Flemion membranes plotted against 
Nw. 
Al A2 B l and B2 denote the sample No. listed in Table 1.1. 
' ' ' 
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from Table 1.2 that th<' solubility value's of oxygen in Flemion membranes 
were much higher than that in water. In addition, the solubility decreased 
with an increase' in water content. If the hydrophilic region served mainly 
to oxygen dissolution, oxygen solubility should increase with water con-
tent. Th<'s<' considerations lead to the conclusion that oxygen is dissolved 
mainly in the hydrophobic intC'rfacial region of Flemion as is the case for 
Nafion. 
The oxygen solubility decreased with water content for Flemion, 
while it was independent of water content for Nafion. These results 
indicate that the susceptibility of the hydrophobic interfacial region of 
Flemion to water is different from that of Nafion. From the permeation 
paths for gas molecules proposed by Ogumi et al. 15) and Tsou et al. 17), it is 
reasonable to consider that the interfacial region, in which gas molecules 
permeate, is composed of an amorphous part of the backbones and a part 
of the pendant side chains. The low acidity and the low water up-take of 
H+ -forrn Flemion show that the side chains of Flemion aggregate easily, in 
particular, in the H+ form. The aggregated side chains are hydrophobic, 
and serve to con1pose the interfacial region. The degree of aggregation 
is dependent on water content. Therefore, the water-content dependency 
of oxygen for Flemion can be explained in terms of a change in degree 
of thC' side chain aggregation which serves to compose the hydropho-
bic interfacial region. An increase in water content increases hydration 
of the side chains, and decreases the degree of the side chain aggrega-
tion hC'cause well-hydrated side chains are considered to move into the 
hydrophilic ionic clusters. This leads to a decrease in volume of the in-
terfacial region, i.e., a decrease in oxygen solubility. On the other hand, 
the sulfonate groups of Nafion are highly hydrated, and hence the water 
content of the Nafion membranes did not change as significantly as that 
of the Flemion membranes 15). Therefore, the significant dependency of 
oxygen solubility on water content may not have been observed for Nafion 
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membran<'S. 
The solubility in 800 EW membranes was higher than that in 700 
E\V membranes for a given l'\\\'. A membrane of higher E\V contains a 
larger volume of hydrophobic region per unit water vohune, and lwun' 
contains a larger interfacial region in which oxygen can be dissoh·ed. 
Therefore, solubility of oxygen increases with EW. 
Table 1.2 Solubilities of oxygen in various media. 
Medium Temp. I CC CO I mM Ref. 
Nafion 125 Na+-type 25 13.7 (15) 
Nafion 117 N a+ -type 25 8.6 (15) 
H20 25 1.3 (18) 
0.5 M K2S04 25 0.85 (18) 
n-C1Ft6 25 26.8 (19) 
n-CsFts 25 23.2 (19) 
PTFE 20 26.8 (20) 
1.4. 3 Diffusion coefficient of oxygen 
The diffusion coefficients of oxygen in Flemion membranes were 
much smaller than that in water (2.08 x 10- 5cm2s-1 21)). This fact also 
suggests that oxygen permeate through the hydrophobic interfacial region 
rather than through the hydrophilic ionic clusters. However, the diffusion 
coefficients were smaller than those in Nafion membranes (D = 4.3 x 10- 7 
and 2.6 x 10- 7cm2s-1 for Na+-form Nafion membranes of EW = 1100 
and 1200, respectivcly15)). This indicates that the hydrophobic interfacial 
region in Flemion is less flexible than that in Nafion. 
Figure 1.5 shows the diffusion coefficients of oxygen through 
Flemion membranes plotted against Nw. Opposite dependencies on Nw 
34-
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Figure 1.5 Oxygen diffusion coefficients in Flernion n1embranes plotted 
against Nw. 
A1 A2 B1 and B2 denote the sample No. listed in Table 1.1. , , , 
- 35 
,,,.~re observed for FlPnlion membran<'s of different E\V~. Th<' diffusion 
coefficient in 700 E\~/ rnembranrs incrPased with Nw, while that in 800 
E\V rnembranes dPcreased slightly. The influence of water content, pre-
treatment. E\V, t"tc. on the morpholog:v of perfiuorinated sulfonate and 
carboxylate ion exchange membranes have been extensiv<'ly st udied 12·22). 
For example. a high \Vater content decrrases the cr:vstallinit~· of thr fiu-
orocarbon backbonrs12), and makes the hydrophobic region firxihle. A 
high E\Y decreases the sizes of ionic dusters 12). Although such morphol-
ogy changes havr not been studied well for Flernion, these trndencies are 
applicable to Flcmion. The change in water content is t herdore con-
sidered to affect the diffusion coefficient of oxygen in the following two 
different manners: ( i) \Yat.er behaves as a plasticizer in t lw hydropho-
bic interfacial region and therefore an increase in water content leads to 
an increase in flexibility of the hydrophobic interfacial region. This en-
hances the diffusion coefficient of oxygen through the interfacial region in 
Flemion membranes, in particular. the region consisting of the aggregated 
side chains. (ii) The incorporation of \\'ater. plasticizer: into hydrophobic 
interfacial region rr1ay decrease the hydrophobicity of the n•gion, i.e., it 
may decrease the volume of hydrophobic region. For exmnple, a part of 
the side chains which has formed the hydrophobic interfacial region at a 
low water content may move to the hydrophilic ionic cluster region by 
increasing water content. The expansion of ionic clusters increases the 
tortuosity of oxygen diffusion path through the hydrophobic region, and 
decreases apparent diffusion coefficient. \Vhile the opposite d<'penden-
cies of the diffusion coefficients in 700 EW and 800 EW rrw1nbranes on 
Nw may be interpreted in terms of thr former (i) and the latter (ii) ef-
fects, respectively, extensive investigation on the morphology of Flemion 
membranes is necessary to understand the detail reasons for the opposite 
dependencies of the diffusion coefficient. 
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1.4.4 Conclusions 
Solubilities and diffusion coefficients of oxygen in perfluorinated car-
boxylate ion exchange mernbranes (Flemion, Asahi Glass Co.) of different 
counterions and equivalent. weights were determined by an electrochem-
ical monitoring technique using SPE composite electrodes. Oxygen sol-
ubility decreased with increasing water content of the membranes. The 
solubilities and the diffusion coefficients were close to the corr~spond­
ing values in perfiuorocarbon media rather than to those in water. These 
results lead to the conclusion t.hat oxygen permeate mainly through a hy-
drophobic interfacial region which consists of a flexible amorphous part 
of the fluorocarbon backbones and an aggregated part of the side chains 
of the carboxylate membranes. 
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Chapter 2 




The perfluorosulfonate ion exchange membrane, Nafion ® (E.I. du 
Pont de I\emours Co.) shows peculiar and very interesting properties1•2>, 
which make Xafion membranes very promising separators for use in elec-
trolytic cells3.4), SPE fuel cells5>, batteries6•7), and even in cells for or-
ganic syntheses8>. Results reported on the mechanical9), structural10), 
chemical 11 •11) and transport 1·4> properties of Nafion membranes suggest 
that their peculiar properties depend mainly on two factors: the struc-
ture of the ion-duster network in the polymer-solution phase and the 
polymer swelling properties which are influenced by the composition of 
the rlect.rolyte contacting the Nafion. In Nafion, a hydrophobic backbone 
structure sim.ilar to poly-tetrafluoroethylene (PTFE) surrounds an ionic 
cluster which contains most of sulfonate groups and sorbed water. Ionic 
clusters 5 to 10 nm in diameter are connected by narrow channels.1•4•10) In 
applications of these membranes, it is important to develop as detailed an 
understanding as possible about the underlying relationships between the 
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mcrnbrane structure and transport properties. Although many studies on 
the diffusion of inorganic ions and molecules through Nafion have been 
reported I3 - I7). only a few studies have been reported on the diffusion of 
organic con1pounds through Nafion. 18- 20) Nafion has a larger affinity for 
hydrophobic cations than hydrophilic cations. For exaruplc. hydropho-
bic ruthenium bipyridine complex has an exchange select i,·i t~· of G x H)1i 
over hydrophilic N a+21). It has been reported frmn lurniut'sccllC<'-prolw 
and diffusivisity measurements that hydrophobic cations interact strongly 
with the hydrophobic sites in Nafion22•23). Aniline is fairly hydrophobic 
and therefore likely interacts with the hydrophobic regions when it dif-
fuses through Nafion. In this chapter, the transport of aniline t hrough 
Nafion 117 (equivalent weight=1100) under a concentration gradient is 
investigated. 
2.2 Experimental 
2.2.1 Ion-exchange selectivity 
Three disks of N afion 117 in the H+ form were pretreated in boiling 
water for 1 h. The disks then were soaked in 0.1 M HCl solutions (l\1=mol 
dm- 3) of different volumes, containing 0.3-5.1 mM aniline, for 1 week in 
the dark and at 35 CC. The partition coefficient of aniline into Kafion ( k) 
then was determined spectroscopically by measuring the aniline content 
of the remaining solution. Using this k value, the ion-exchange selectivity 
of Nafion 117 for aniline over H+, J( ~N, was calculated by assuming that 
all of the aniline existed in the form of anilinium cation. 
2. 2. 2 Diffusion of aniline 
The apparatus used for diffusion measurements consisted of a sim-
ple diffusion cell having two PTFE chambers (Fig. 2.1). The source and 
receiver chambers were separated by Nafion 117 of 170 Jtm( dry) thick-
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ness. The exposed surface area for mass transport was 3.1 cm2• A source 
solution (1 dm3) and a receiver solution (50 cm3) were recycled through 
the respective chambers at 9 cm3min- 1• The solution compositions are 
listed in Tabl<' 2. L All chemicals were of reagent grade and were used 
without further purification. For the diffusion experiments with neutral 
aniline, purified water from a Nanopure water system (Barnstead Co.) 
was used as a receiver solution. Aniline transported to the receiver solu-
tion through the membrane was monitored on real time spectroscopically 
at 260-290nm, using a Hitachi model 200-10 spectrometer and a micro-
flow cell which was set in the recycling line of the receiver solution. The 
wavelength was selected based on the absorption peak, which changed 
depending on the pH of solution. All experiments in this study were 
performed at 35 CC, except where otherwise noted. 
2. 2. 3 Aniline concentration and water sorption in N afion 
Three sheets of pretreated Kafion disk (2 cm in diameter) were im-
mersed in each of the solutions that were used for the diffusion measure-
ments(see Table 2.1), for 1 week in the dark and at 35 CC. The concentra-
tion of the external solution was then measured spectroscopically. These 
measurements allowed us to calculate the total sorbed aniline (which in-
cluded both the anilinium cation and neutral aniline) at pH 4.0. Water 
sorption into Nafion of different cationic forms, including the anilinium 
form, was measured by weighing the Nafion sheets before and after soak-
ing in water. The weight difference gave the amount of water sorbed into 
the Nafion. 
2.3 Results and Discussion 
2.3.1 Ion- exchange selectivity of Nafion for anilinium cation. 
Aniline is partly protonated in acidic solutions (pKb=9.30), and 
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Table 2 .1 Composition of source and receiver solutions. 
A: source solution, 1 dm3 
pH=4.0, 1=0.3 
10 mM aniline 
83 mM M2HP04 (M = Li, Na, K, Cs, Rb) 
59 mM citric acid 
37 mM MCl (M= Li, Na, K, Cs, Rb) 
B: receiver solution, 50 cm3 
or 
pH=4.0, 1=0.3 
83 mJ\t1 ?vf2HP04 (:VI = Li, 1'\ a, K, Cs, Rb) 
59 mM citric acid 
42 mM M Cl (M = Li, Na, K, Cs, Rb) 




(to UV monitor) 
A B 
Source solution Receiver solution 
Nafion 117 
Figure 2 .1 Schematic diagram of cell used for transport measurements. 
A: source solution chamber, B: receiver solution chamber. 
Solutions of both chambers were recycled at 9 cm3 min-1. 
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both the anilinium cation and neutral aniline can penetrate into Nafion. 
The amount of aniline absorbed into ~afion from diluted solutions of 
aniline in 0.1 ~1 HCl is shown in Fig. 2.2 as a function of the aniline 
concentration in the external solution. In strongly acidic solutions such as 
0.111 HCL most of the aniline exists as anilinium cations. The partition 
coefficient ( k) can be obtained from the slope in the low concentration 
region of Fig. 2.2 ( <0.4 mM): 
c = kc0 (2. 1) 
where c and eo are the concentrations of aniline inside and outside the 
Nafion, respectively. The slope in Fig. 2.2 yields a value of k = 1.04 x 103, 
from which the ion-exchange selectivity of Nafion for anilinium cation over 
H+, !(fiN can be calculated as 
K AN _ XANaH H -
XHaAN 
(2.2) 
where }(AN and .)(11 are the mole fractions of aniline and proton respec-
tively. inside the Nafion, and aAN and aH are the activities of aniline 
and proton in the external solution. (Activities were assumed to be 
equal to concentrations.) A value of J{ ~N = 69 was obtained using Eq. 
(2.2). The value of J(~N is compared in Table 2.2 with the selectivity 
of Nafion for alkali metal cations over H+. Thc> valu0 of J( ~N is 1 to 
2 orders of magnitude larger than that for alkali metal cations, but is 
much smaller than that reported for the hydrophobic ruthenium bipyri-
dine complex cation21 ). This result suggests the existence of some inter-
action (hydrophobic interaction) between anilinium cations and Nafion. 
although this interaction is much weaker than that with hydrophobic 
complex cations such as ruthenium bipyridine. 
Neutral aniline existing in the solution must be in equilibrium with 
the species in the Nafion membrane. The partition coefficient for neutral 
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Figure 2.2 The ion exchange isotherm of aniline for Nafion in H+ form. 
The external solution contained aniline and 0.1 M HCl. 
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Table 2.2 Sdcctivity coefficients and water ront.cnts of ~afion. 
cation J{M H lv 
Li+ 0.586* 22.3** 
.. \ ra + 1.18* 18.4** 
J(+ 3.48* 13.3** 
Rb+ 4.71 * 11.8** 
Cs+ 7.06* 11.3** 
aniline 69 10-11.5 
*; from (11 ) **: from (12) 
for concentrations between 0.5 m~I and 1.5 rn}.I aniline in the external 
solution. This value larger than unity suggests that Xafion has some an 
affinity for neutral aniline. although much less than for anilinium cations. 
2.3. 2 Aniline concentration and sorbed water in Nafion 
The concentration of anilinium cation in Nafion contacting solutions 
contacting various cations can be calculated using the values of J( t/ listed 
in Table 2.2. Using the value of pKb=9.30 for aniline in an aqueous 
solutions, it can be shown that for solution of pH 4.0 83.3 % of the 
aniline dissociates to anilinium cation and 16.7 % remains in the neutral 
form. When Kafion is in contact with a solution of pH 4.0 and an ionic 
strength of 0.3. and alkali metal cation is .. Ya+, for !\:-fiN =69. the ratio of 
mole fractions inside the Kafion are 
(2.3) 
Using a calculatrd value for the ion-exchange capacity of Nafion 117 of 1.7 
mol dm- 3, the corresponding anilinium cation concentration in swollen 
Nafion is cAN = 1.14 mol dm-3. 
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Tlw concentrations in ~afion of anilinium cation and the coexisting 
alkali m<' tal cation for several other alkali metal cations (with 10 mrv1 
anilitH' in tlw contacting solution) are shown in Table 2.3. These values 
were calculated in the same manner as described above for /'vT a+, using 
the J('l/ values listed in Table 2.2 . 
Table 2.3 Concentration of aniline, CAN, and co-existing cation, 
and apparent diffusion coefficient of aniline , Dapp' in Nafion. 
CM , 
The external solution was solution A of Table 2.1. 
cation CAN CM Dapp X 109 
mol dm- 3 mol dm- 3 cm2s-1 
Li+ 1.35 0.32 10.2 
.va+ 1.14 0.54 11.8 
J{+ 0.75 0.92 6.7 
Rb+ 0.63 1.04 4.9 
cs+ 0.50 1.17 3.2 
The ion-exchange isotherm of aniline for Nafion in N a+ form was 
measured spectroscopically and is shown in Fig. 2.3. 
The amount of swelling water was measured for N afion in the 
sodium and anilinium cation forms from the weight difference between 
before versus after swelling. The value for the anilinium form ranged from 
10 to 11.5 mol H20 per mol S03, which is reasonable when compared 
with the values for alkali-metal cations reported by Yeager et al12). (see 
Table 2.2). The fact that our measured value for sodium form Xafion is 
in good agreement with the previously reported value 12) indicates that 
our measuring techniques are reliable. 
2.3.3 Diffusion of aniline thro'ugh Nafion. 
When discussing the diffusion of aniline through Nafion membranes, 
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External concentration of aniline C I mmol dm-3 
Figure 2.3 The ion exchange isotherm of aniline for Nafion in the pres-
ence of Na+. 
The external solution was the pH 4.0 solution of Table 2.1 (M=N a+), 
but with various concentrations of aniline. 
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two diffusing species must be taken into consideration: cations ( anilinium 
ion) and neutral molecules. Figure 2.4 shows the amounts of aniline 
transported from a source chamber containing solution A of Table 2.1 (10 
mM aniline) to a receiver chamber containing either solution B of Table 
2.1 (no added aniline, curve a) or pure water (curve b) . The amount 
of aniline (the aniline concentration in the receiver solution) increased 
gradually due to its transport through the Nafion. 
Curve a represents the total aniline transported through the Nafion 
membrane including both neutral molecules and anilinium cations, while 
curve b represents the neutral aniline molecules transported through the 
Nafion. 
Many workers have reported that mass transport through ion-
exchange membranes is complicated, and that in addition to diffusion, 
the influence of the potential distribution inside the membrane (i.e. , mi-
gration effects) also should be taken into consideration 24 ,25). Furthermore, 
even diffusion is complicated by a non-linear concentration distribution 
caused by the potential distribution inside the membrane. However, the 
conditions under which curve a was obtained permit a simple linear dif-
fusion treatment, since the solution compositions in the two chambers 
contacting the membrane were almost the same (except that the receiver 
solution initially did not contain any aniline), and the concentration of 
aniline in the source solution was low. 
2.3.4 Apparent diffusion coefficient, D app' through Nafion. 
The aniline diffusion coefficient was calculated from curve a, taking 
the equilibriun1 concentration of the species within the Nafion into con-
sideration. As mentioned above, simple linear concentration gradients 
of aniline and anilinium ion through the Nafion under steady state con-




























































Figure 2.4 Changes in the amount of transported aniline. 
The sonrcP solution is dPscribed in Table 2.1. 
a: rf!('('i\'f•r charnrH'r contain(-'d solution B of Table 2.1 (pH 4, M=N a+). 
b: rN·f·i n·r (·hrJ rnh(·r (·ont ain(•d pure water. 
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was estimated to be 1.2 x 10-8 cm2s-1by Pick's law using a source solu-
tion containing 1Va+. This value includes thr diffusion of both anilinium 
cations and neutral aniline, and is reasonable when compared with the 
values reported for alkali metal cations (1.1 x 10-6 cm2s-1for 1Ya+ and 
3.7 X 10-8 cm2s-1for cs+)26>, H2 (5 X 10-7 cm2s-1) 17>, and 02 (2 X 10- 7 
cm2s- 1) 17) at 25 'C. 
The variation of Daw, with the cationic species in the solution also 
was investigated. Dapp was dependent on the co-existing cationic species, 
as can be seen from the calculated values listed in Table 2.3. \Vhen the 
co-existing cation was changed, the circumstances inside the membrane 
had to change accordingly; the concentration of the anilinium ions and 
the co-existing cations and protons, as well as the water content in the 
membrane also must have changed. In particular, the fraction of the 
anilinium cation in the membrane was dependent on the co-existing cation 
because of the differences in the ion-exchange selectivity coefficients of the 
different cationic forms of Nafion. 
For the transport of aniline within the membrane, molecular diffu-
sion through the aqueous pores of the membrane structure was assumed, 
and since the pressure difference between the two compartments (includ-
ing the osmotic pressure) was small under experimental conditions, con-
tributions from convection were considered to be negligible. Migration 
effects also were neglected (see above). The Nafion membranes were 
assumed to be micro-porous films. The micro-pores correspond to the 
ionic dusters of Nafion which contain almost all of the water and ionic 
species and are thought to be responsible for the diffusion of anilinium 
cations20). This might not be the case for hydrophobic cations such as 
C s+ and Rb+: it has bren reported that C s+ exists at the interfacial re-
gion between the ionic clusters and the hydrophobic backbone, and that 
the diffusion constant of C s+ is independent of the water content of the 
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membrane14) . Aniline and aniliniurn cation also are hydrophobic, and 
therefore one might expect that they also would exist at the interface. 
Contrary to this expectation, however, the value of Dapp was dependent on 
the counter ion and on the water content (see below). This fact indicates 
that the above assumption of molecular diffusion through the micro-pores 
is acceptable for the particular case of transport of aniline through Nafion 
117 under the conditions used in this study. It also was assumed that 
Dapp is linearly proportional to the membrane porosity, and furthermore, 
that the membrane porosity is linearly proportional to the water content 
in the membrane. The water content of the membrane is a measure of 
the pore volume. The total water content in the membrane equilibrated 
with the source solution can be expressed as a linear combination of the 
water content for each cation existing within the membrane: 
(2.4) 
where N is the total water content in the membrane equilibrated 
with the source solution, N AN and NM are the water contents when all 
the counter ions are changed to anilinium and M+ (alkali metal cation). 
respectively, and XAN and XM arc the respective mole fractions in the 
membrane. The value of NAN calculated based on Eq. (2.4) is 10.7 
mol H20 per mol S03. This value was obtained by using Eq. (2.4) 
to calculate the values of N for the different cations corresponding to 
various assumed values of NAN· Since the experimental values of Dapp 
for the different cations (listed in Table 2.3) were assumed to be linearly 
proportional to N, the value of NAN corresponding to the best straight 
line plot of Dapp versus NAN was determined by trial and error. (The 
method of least squares was used to judge the linearity of the plots of 
Dapp versus N.) The plot of Dapp versus N for the best straight line is 
shown in Fig. 2.5. The corresponding value of NAN = 10.7 mol H20 per 
mol S03 is reasonable when compared with the water content for the 
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other cations, and falls in middle of the range of 10-11.5 obtained from 
the weight change measurements described in the previous section. 
2. 3. 5 Transport of aniline molecules through N afion 
The contribution from diffusion of neutral molecules was estimated 
from Curve b in Fig. 2.4, which was obtained by filling the receiver 
chamber with pure water. It was assumed that in this case only neutral 
molecules diffused through the membrane into the receiver solution. If 
anilinium cations had diffused through the membrane, then either some 
other cations had to have diffused in the opposite direction, or anions had 
to have diffused in the same direction, in order to prevent charge separa-
tion. However, since there were no cations in the receiver solution to be 
exchanged with anilinium cations from the source solution, therefore it 
was assumed that only neutral molrcules could have diffused through the 
Nafion to the receiver compartment. It was also assumed that the diffu-
sion of each species was independent and did not influence the diffusion 
of the other species. The apparent diffusion coefficient for neutral aniline , 
Dn, was estimated as 3.3 x 10- 6 cm2s- 1using the same method as that 
used to estimate Dapp· This value is two orders of magnitude larger than 
D a pp and one order of magnitude larger than the values for diffusion of 
oxygen, hydrogen, and bromine (1 5 x 10-7 cm2s-1) 6>. The value is com-
parable to the value for water (1 4 xlo-6 cm2s-1) 14) and would appear 
to be too high for a molecule as large as aniline. Dn was not affected by 
the co-existing cationic species in the Nafion. The anomalously high ap-
parent flux of neutral aniline can be explained as follows. An equilibrium 
exists between anilinium cations and aniline within f\afion, although the 
equilibrium constant may differ from the value in bulk aqueous solution. 
(2.5) 






















10 11 12 13 14 
Water content I mol H20 per mol S03-
F igure 2.5 The relation between apparent diffusion constant of aniline, 
D a pp, and water content of N afion 117. 
The co-existing cations, M+, in the solutions are marked on the figure . 
The solution compositions were as listed in Table 2.1. 
-56-
receiver solntion. Since the rate reaction (2.5) likely is very fast, 
it is not likely to he the rate determining step in the transport of neutral 
aniline, Accordingly, the apparent flux of neutral aniline should be equal 
to the flux of total aniline, if the assumptions used to calculate Dn are 
valid. However , the results in Fig. 2.4 show that the apparent flux of 
neutral aniline is half of the total aniline flux. This smaller flux may be 
due to the existence of a potential difference at the membrane/solution 
interface. In contrast to the conditions under which curve a in Fig. 2.4 
was obtained, for curve bin Fig. 2.4, the compositions of the two solutions 
contacting the membrane were different; the ionic strength of the source 
solution was 0.3, but that of the receiver solution was nominally zero. The 
extremely low concentration of the receiver solution may have resulted in 
the formation of a large Donnan potential at the interface, which in turn 
may have influenced reaction (2.5). 
Further investigation is required to elucidate the details of the mass 
transfer of neutral aniline through Nafion. 
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A commercially available perfluorosulfonate cation-exchange mem-
brane, N afion, is chemically and thermally stable, and applied to a variety 
of processes such as electrolytic cells1 ~2), polymer electrolyte membrane 
fuel cells3), sensors4), batteries5 ~6), and cells for organic synthesis7). Re-
sults reported on its structure8) and transport properties1 ~9- 11 ) reveal that 
Nafion is microscopically separated into two phases: an ionic cluster do-
main, which contains most of the sulfonate groups, cations and sorbed 
water, and a hydrophobic backbone domain similar to that of polyte-
trafluoroethylene (PTFE), which surrounds the ionic cluster. This char-
acteristic structure gives Nafion peculiar and interesting properties in 
swelling, ion-exchange selectivity, etc. 
While organic cations are reported to interact strongly with the hy-
drophobic micro-domain in Nafion12,13), few studies have been reported on 
the permeation of organic compounds through Nafion 14- 16). In the previ-
ous chapter, the effects of various alkali cations on permeation phenomena 
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of aniline through I\ afion in the presence of concentration gradient across 
a Nafion membrane have been diccused 17). The apparent diffusion coef-
ficients of anilinium cation and neutral aniline were determined and it 
was found that they are strongly affected by the water content of the 
Nafion membrane. However, permeation behavior of anilinium cation 
under application of DC current still remains to be clarified. Research 
on permeation behavior of organic species under current passage, electro-
transportation, would give useful information on the perm selectivity of 
Nafion and hydrophobic interaction between organic species and Nafion. 
In this chapter, the attention is focused on the electrotransportation of 
aniline through Nafion 117 (Equivalent Weight : EW=1100). 
3.2 Experimental 
3.2.1 Membrane treatments 
A perfl uorosulfonate cation-exchange membrane, N afion 117, was 
used in this study. Nafion samples in H+ -form (3 cm in diameter in 
the dry state) were pre-treated in boiling water for more than 1 h. The 
sample was then soaked in a source solution shown in Table 3.1 for c.a. 24 
h in the dark at 35 'C. During this treatment swelling and ion exchange 
between the Nafion and the source solution were brought into equilibrium. 
3.2.2 Measuring cell 
The permeation measurements under a flow of DC current were 
carried out using a cell shown in Fig. 3.1. The cell was composed of four 
compartments made of PTFE. The volume of compartments A (anode 
compartment) and D (cathode compartment) was c.a. 10 cm3, and that 
of B and C was c.a. 3 cm3. Compartments B and C were separated by the 
Nafion membrane which had been equilibrated with the source solution. 
Compartments A and D were fitted with a DSA-type anode plate and a 
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Table 3.1 Composition of source and receiver solutions. 
Source solution 
pH 4.2 
10 mmol dm-3 Aniline 
83 mmol dm-3 M2HP04 
59 mmol dm-3 Citric acid 
37 mmol dm-3 MCl 
(M= Na, K, Cs) 
Receiver, anode and cathode solutions 
pH 4.2 
83 mmol dm-3 M2HP04 
59 mmol dm-3 Citric acid 
42 mmol dm-3 MCl 
(M= Na, K, Cs) 
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Xi cathode plate, respective!~·. Hydrocarbon-type anion-exchange mem-
bran~s (Selemion® A~fV, Asahi Glass Co.) separated compartments A 
and B. and compartments C and D in order to prevent anilinium cation 
from penetrating into cornpartm~nts A and D. The exposed surface area 
of the Nafion mernbrane was 3.1 cm2. 
3.2.3 Permeation rneasurements 
The compositions of the source and receiver solutions used for elec-
trotransportation measurements are listed in Table 3.1. The source ( 1000 
cm3) and receiver (50 cm3) solutions containing a common alkali cation 
(M+) were circulated separately through compartments B and C at 0.15 
cm3 s-1, respectively. Since the volume of the source solution was 20 
times larger than that of the receiver solution, the decrease in aniline 
concentration in the source solution was small; hence, the aniline concen-
tration in th~ source solution \vas assumed to be constant during each 
permeation measurement. An external DC current \Vas applied galvano-
statically across the DSA type anode and the Ni cathode using a poten-
tio/galvanostat (Hokuto Denko model HA301). Thr amount of aniline 
transported to the receiver solution through the Nafion membrane was 
monitored as a change in spectroscopic absorbance at 280 nm, using a Hi-
tachi model 200-10 spectrometer equipped with a micro-flow cell, which 
was set in the circulating line of the receiver solution. Since the incr~aS<' 
in aniline concentration in the cathode compartment, D, was less than 1 
3.2.4 Absorbance change of aniline solution with pH 
The source solution was diluted to 10-fold volume with water, and 
a solution containing 1 mM aniline was obtained. A small volume of 1 
M HCl or 1 M NaOH was added to the solution to change its pH. Thr 












Source solution Receiver solution exchange 
membrane 
Nafion 117 
Figure 3.1 Schematic diagram of the cell used for permeation measure-
ments. 
A: anode compartment; B: source solution compartment; C: receiver so-
lution compartment; D: cathode compartment. 
The solutions in Band C were circulated at 0.15 cm- 3 s-I . 
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the UV /VIS spcctrometer described above. 
3.3 Chemicals 
All chemicals were of reagent grade and were used without further 
purification. Water (> 18~10, nominally ) was obtained from a NANO 
pure water purifying system (Barnstead Co.). 
3.4 Results and Discussion 
3.4.1 Variation in spectroscopic absorbance of aniline with pH 
Spectroscopic absorbance of solutions containing aniline species of 
various pHs was measured at 280 nm, and the variation in the absorbance 
with pH is shown in Fig. 3.2. The. absorbance at 280 nm changed dras-
tically with pH. In acidic solutions a following reaction (3.1) reaches the 
equilibrium: 
AN(aniliue) + H+ ~ A1VH+(aniliniu1n cation) (3.1 ) 
While neutral aniline absorbs light of 280 nm, protonated aniline ( anilin-
ium cation) does not. Hence the absorbance at 280 nm can be used as a 
measure of the content of neutral aniline in a solution. The dependency 
of the measured absorbance on the solution pH in Fig. 3.2 was in good 
agreement with the absorbance dependence calculated from the neutral 
aniline concentration using a pKa value of aniline, 4. 7, and pHs of the 
solutions. 
3.4.2 Electrotransportation of aniline through Na+ -form Nafion 
The permeation of aniline was measured under a flow of DC cur-
rent using N a+ -form Nafion and the solutions containing N a+ cation 
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Solution pH 
Fi~~re ~.2 Absorbance change at 280 nm of solutions containing 1 n1~f 
an1bne w1th pH. 
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the receiver solution with time at various current densities. The current 
density means here the magnitude of a DC current per unit surface area 
of the separator membrane, N afion. During each run the pH of the re-
ceiver solution increased slightly with an increase in charge passed. The 
pH changes \\'ith charge passed are shown in Fig. 3.4. As is discussed 
above, a pH change affects the equilibrium between neutral aniline and 
anilinium cation in Eq. (3.1). In order to obtain the total amount of ani-
line transported to the receiver solution, the amount of anilinium cation 
must be taken into consideration in addition to neutral aniline obtained 
spectroscopically. Hence the total content of aniline species in the re-
ceiver solution was calculatf'd using the data in Figs. 3.2 and 3.4. Figure 
3.5 shows the calculated concentration changes of the total aniline in the 
receiv<"r solution at various current densities. 
The slope of each curve means the aniline flux under the correspond-
ing conditions. The flux decreased with an increase in charge passed 
through the :\afion. Aniline was transported by migration under a po-
tential field across the membrane and by diffusion due to a concentration 
gradient between the two solutions. Since the driving force for diffusional 
transport decreased with the passage of time because of accumulation of 
aniline in the receiver solution, the decrease in aniline flux observed in 
Fig. 3.5 is attributable to a decrease in diffusional contribution at a 
prolonged permeation time. 
3.4.3 Infl·uence of co-existing alkali metal cation 
Similar permeation measuremrnts \vere carried out using J(+- and 
Cs+-form ~afion and the corresponding solutions listed in Table 3.1. 
Changes of total aniline concentration in the receiver solution are shown 
in Figs. 3.6-(i) and 3.6-(ii) for J\+- and C s+ -form Nafion membranes, 
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Figure 3.3 Changes in absorbance of the receiver solu tion at 280 nm for 
N a+ -form Nafion at current densities of (a) 0.0, (b) 0.32, (c) 0.64, (d) 
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Figure 3.4 Changes in pH of receiver solution for (a) N a+, (b) J{+ and 
(c) Cs+ forms of Nafion with charge passed. 
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(b) 0.32 mA cm·2 
(c) 0.64 mA cm·2 
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Figure. 3.5 Calc~lated concentration changes of total aniline species in 
the receiver solutiOn for Na+- form Nafion at current densities of (a) 0.0, 
(b) 0.32, (c) 0.64, (d) 0.96, (e) 1.3, (f) 1.9 and (g) 3.2, A cm-2. 
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although the aniline concentration for A"+- and C s+ -forms increased less 
remarkably than that for the _ya+- fonn :'\afion. 
:-1.4.4 Influence of current density on aniline fiux 
The dependenc~· of aniline flux through :"\ afion on current density 
is of primary interest of this study. Since aniline flux decreased with an 
increase in aniline concentration in the receiver solution as mentioned 
above, aniline fluxes at various current densities were compared using 
the values at a fixed aniline concentration (0.6 mM) in receiver solutions. 
At this concentration a pH change in th<' receiver solution was negligibly 
small (see Fig. 3.4). It is acceptable to assume that the fluxes due to 
the diffusional transport at the fixrd aniline concentration difference were 
equal to one another because the driving force for diffusional transport 
was independent of the current density. On the basis of this assumption, 
the aniline fluxes were calculated from the data in Figs. 3.5 and 3.6, and 
are plotted in Fig. 3. 7. Although the values in Fig. 3. 7 are still not 
free from a contribution from the diffusional transport. they are assumed 
to be independent of current density. In each form the slope of aniline 
flux increased abruptly in the current density range from 0.3 to 1.3 A 
cm-2. The aniline flux was highest for .. Y a+ -form :\afion. At low current 
densities aniline flux for C s+ -form was lowest. However, the> increase in 
aniline flux for cs+ -form was slightly larger than that for th<' ]\."+-form. 
3.4.5 Transport number of anilinium cation 
Since the ionic strength of the external solutions was rnuch srnaller 
than that inside the Nafion membrane, the Donnan exclusion works well 
and the absorption of anions inside the Nafion membrane can be ne-
glected under the present experimental conditions. Hence three species, 
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Figure. 3 .6 Calculated concentration changes of total aniline species in 
the receiver solution for (i) J(+- and (ii) Cs+ -forms of Nafion at current 
densities of (a) 0.0. (b) 0.32, (c) 0.64, (d) 0.96, (e) 1.3, (f) 1.9, (g) 2.6 
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Figure 3. 7 Aniline fluxes at an aniline concentration of 0.6 mM in the 
receiver solution against current density for (a) Na+-, (b) J(+- and 
(c) Cs+-forms of Nafion. 
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are supposed as mobile ionic species in l\afion. In other words, these three 
cations are the charge carriers inside Nafion. Total ionic conductivity, at, 




where ti and ai denote the transport number and conductiYiry r)f ir...rl:-
vidual charged species. The conductivity of individual chargPd ~pt- r·:(-.~ 
having uni-valency is expressed as 
2 F 2CiDi 
(ji = F CiUi = ---RT 
where Ci, Di, and Ui denote the concentration, diffusion coefficient. and 
mobility of the individual charged species in Nafion, and F and Rare the 
Faraday and gas constants. 
Electrotransported aniline flux was estimated subtracting the dif-
fusional aniline flux (the aniline flux at zero current density in Fig. 3. 7) 
from the total aniline flux. The resulting transport numbers were plotted 
in Fig. 3.8 against current density. In each form, transport number in-
creased in the range from 0.3 to 1.3 A cm-2, and reached a constant value 
at higher current densities. However, these transport numbers of AN+ 
were small, and most of the charge was therefore carried by the other 
cations in Nafion. The concentration changes of H+ in the source and 
receiver solutions were small during the measurements (for example, see 
Fig. 3.4). In addition, the proton concentration inside Nafion was much 
lower than those of other cations because of the low H+ concentration in 
the solutions (10-4 M) and of the low H+ -selectivity coefficient of Nafion. 
Hence, the charge carried by proton can be neglected, and most of the 
charge was carried by Af+ in N afion. 
As shown in Fig. 3.8, th<' magnitudes of transport number of AN+ 
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creased in that order. From Eq. (3.4) the individual conductivity should 
be proportional to Ci and D1• The diffusion coefficients and concentra-
tions of aniline in Na+, ]{+and Cs+-forms of Nafion 117 in contact with 
a solution of the same composition as the source solution had been re-
ported and are summarized in Table 3.217). (The diffusion coefficients of 
alkali metal cations are the values reported for Nafion 120). The products 
of CAN+ and D AN+ for each form Nafion is also shown in Table 3.2. From 
the values one would expect that the magnitudes of transport number of 
AN+ should to follow the order in N a+- > in ](+- > in C s+ -forms. How-
ever the order was not the case. The transport number of AN+ (tAN+) 
in the plateau region for N a+ -form in Fig. 3.8 was about three times 
larger than that for ]{+-form, which is in good agreement with the ratio 
of the products, CAN+ x DAN+, for .va+- and ]{+-forms. However, tAN+ 
in C s+ -form was much larger than the value expected from the product. 
Hydrophobic properties of C s+ seems to cause the higher transport num-
ber in C s+ than in J(+ -form Nafion, and this will be discussed in the 
following sections. 
3.4. 6 Electrotransportation of aniline without concentration gradient 
To eliminate the contribution from the diffusional t ransport, per-
meation measurements were carried out using a buffer solution of pH 4 
containing N a+ and 2 mM aniline as both source and receiver solutions. 
The change in aniline concentration in the receiver solution was moni-
tored for 20 min. In this experiment, a contribution from the diffusional 
transport can be neglected because there was almost no concentration 
gradient of aniline. The aniline concentration in the receiver solution in-
crf>ased linearly with time. The calculated aniline flux change is shown 
in Fig. 3.9. While the tendency was sirnilar to those in Fig. 3. 7, the flux 
at a given current density was much smaller than those in Fig. 3. 7, and 
- 77-
Table 3.2 Diffusion coefficient and concentration of aniline in Nafion. 
Ionic form Na+ K+ cs+ 
DIJ//ion /10-7 8) 25 cc 9.8 1.9 
cm2s- 1 40 cc 15.0 2.7 
Water contents 19) 
11.9 8.8 6.6 
(mol H20 /mol -S03) 
I<ff++ 20) 1.18 3.48 7.06 
D /10- 9 17) AN+ 11.8 6.7 3.2 
cm2s-1 
CNafion 17) 
AN+ equilibrated 1.14 0.75 0.50 
(mol dm-3) with the 
CNafion 17) 
M+ source 0.54 0.92 1.17 
(mol dm-3) solution 
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the transition region of aniline flux shifted somewhat to a lower current 
density range (from 0.3 to 1.0 A cm-2). The lower aniline concentration 
(2 mM) may be responsible for the smaller flux. The shift of the tran-
sition region suggests that the observed change in tAN+ in the transport 
number is dependent on the AN+ concentration in the Nafion membrane. 
3.4. 7 Causes for the aniline flux change 
Gluga and Dindi reported that deprotonation of anilinium cation 
at the Nafionjwater interface is the rate determining step in the perme-
ation of aniline from an acidic solution to pure water through H+ -form 
Nafion. 22) They concluded that the rate of the ion-exchange process at the 
solution/Nafion interface is faster than the rate of deprotonation process 
at the Nafionjwater interface. In the present case, pHs of both receiver 
and source solutions were about 4, and interfacial reactions such as pro-
tonation and deprotonation seem not to have a significant influence to 
total aniline transportation. Hence the phenomena observed here seem 
to be attributable to bulk properties of Nafion. 
The phenomena may be explained in terms of the following two 
possibilities. (i) The change of the ionic cluster network structure is 
caused by an application of a DC current. The movement of cations 
and water may distort the microscopically phase-separated structure of 
Nafion and make the channels connecting the ionic clusters wider. (ii) The 
hydrophobic interaction between aniline and Nafion may be decreased due 
to the mass transport caused by a flow of DC current . 
It is difficult to separate (i) and (ii). The transport number of anilin-
ium cation in C s+ -form in Fig. 3.8 was larger than that expected from 
the product of CAN+ and D AN+. Cesium ion is known to be located in the 
interfacial region between the ion cluster region and the PTFE-like back-
bone region inside N afion 10). Since anilinium cation interacts strongly 
- 79-













Current density I mA cm-2 
Figure 3.9 Aniline fiuxes at the aniline concentrations of 2 mM in the 
both source and receiver solutions against current density for N a+ -form 
of Nafion. 
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with the hydrophobic region in Nafion17}, it is reasonable to consider 
that the anilinium cation is located in and permeates through the inter-
facial region as Cs+ does. \Vhen Cs+ moves in Nafion, it disturbs and 
decreases hydrophobic interaction between anilinium cation and Nafion. 
Then, the mobility of anilinium cation may increase to lead to an increase 
in tAN+· In addition, the movement of Cs+ through the interfacial re-
gion of N afion may cause friction in the interfacial region of N afion, and 
this friction also leads to a distortion of the ionic cluster structure, i.e., 
the channels of N afion, which is considered to affect the mass transport 
in Nafion23), are broadened. This broadening enhances the mobility of 
anilinium cation which moves most slowly among the cations examined 
in this study, and then the transport number of anilinium cation may be 
increased. 
Sandeaux et al. reported that an external applied voltage accel-
erated the permeation of acetate ion through the anion-exchange mem-
brane, Selemion AMV, more than that of chloride ion 22). They suggested 
that this acceleration was caused by a higher value of the "transfer coef-
ficient" (a measure of the permeation rate through the interface between 
a membrane surface and the adjacent solution) of acetate ion. They pro-
posed the hydrophobic character of acetate ion as one possible reason 
why the acetate ion movement was enhanced by the application of exter-
nal current. Although the situation is different from present system, this 
type of influence should be also taken into consideration in the system 
for further discussion because the interaction between anilinium cation 
and Nafion is much stronger than that between acetate ion and Selemion 
AMV. 
3.5 Conclusion 
The transport phenomena of aniline through several ionic forms of 
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a perfluorosulfonate ion-exchange membrane, Nafion 117, under a flow 
of DC current were investigated. In each form, an increase in transport 
number of anilinium cation was observed in the current density range 
from 0.3 to 1.3 A cm-2. The transport number of anilinium cation in 
cs+-form l\afion was larger than that expected from the concentration 
and diffusion coefficient in C s+-fonn N afion. These phenomena may be 
attributed to a decrease in hydrophobic interaction between anilinium 
cation and Nafion or to a change in the ion cluster network structure due 
to the mass transport caused by the flow of DC current. 
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Part 11 
Application of Porous Metal-




of Anode in Polymer Electrolyte 
Membrane Fuel Cells 
4.1 Introduction 
Polymer electrolyte membrane fuel cells (PEMFC) have recently 
been a focus of much attention because of their very high discharge cur-
rent densities and power densities1•2). Porous gas-diffusion electrodes are 
usually used in fuel cells to increase their output current density and de-
crease their overpotential3). Although fairly high performance at a low 
platinum loading has been achieved by localizing platinum catalyst in a 
thin layer of porous electrodes close to the solid polymer electrolyte in 
PEMFC4•5•6), even higher catalyst utilization is still required for applica-
tions such as power sources for electric vehicles to decrease its cost. The 
configuration of the active sites of electrodes. i.e., the three phase regions 
in PEMFC differs from those in the porous electrodes of fuel cells that 
use liquid electrolytes, such as aqueous solutions and molten salts. With 
liquid electrolytes~ a thin film (meniscus) is formed at the three-phase 
region, and the characteristics of the meniscus are governed by the phys-
ical propcrti('s of the gas, the liquid and the electrode. The meniscuses 
7 
that form in pores of gas-diffusion electrodes limit current production by 
restricting the effective reaction region, i.C'., the region with both fast 
gas diffusion and high ionic conductivity, to only a small portion of the 
meniscus. This is because on the one hand, near the bulk elC'ctrolyte, the 
meniscus is too thick for rapid diffusion of the reactant gases through the 
electrolyte to the electrode, and on the other hand, the opposite end of 
the n1eniscus is very thin, therefore the ionic conductivity being very low. 
\\"it h solid polymer electrolytes. such meniscuses are not formed, 
because water is fixed in the matrix of the polymer as swelling by water. 
Consequently, in the case of PE:MFC electrodes, the effective reaction 
region is not limited by meniscus formation. This opens up different pos-
sibilities for electrode design and placement of the platinum electrocata-
lyst. For example, it is possible that spreading the catalyst throughout 
an extended reaction zone might result in increased catalyst utilization, 
since the gases would have access to the entire surfaces of the catalyst 
particles, and the ionic conductivity would not be a limiting factor. 
In this chapter, the author presents the results of some preliminary 
experiments in order to clarify the effective depth to which active sites 
of the reaction locate inside the solid polymer electrolyte. The anodic 
oxidation of hydrogen at platinum electrode in Nafion® (E. I. Dupont de 
Nemours and Company) was used as a model electrode reaction, since 
the reaction has a high exchange current density, and therefore should 
give a more definitive indication of diffusion limitations than the case 
of oxygen reduction reaction7). The depth to which the active reaction 
zone is extended into the Nafion (effective depth) was investigated by 
inserting a conical platinum micro-electrode into a Nafion NR50 particle 
to different depths under a hydrogen atmosphere. A mathematical model 
was also dPsignf'd and solved by a nurnerical method. 
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4 .2 Experimental 
Working electrodes were platinum wires (0.3 mm in diameter) that 
had beE-n electrically polished to a fine conical tip in aqueous NaN02, 
using a modified method of Silver8). A SEM micrograph of the tip of 
a typical electropolished wire is shown in Fig. 4.1. The electropolished 
working electrodes were cleaned immediately before use in the hydrogen 
oxidation experiments, using Fenton's reagent (hydrogen peroxide - fer-
rous sulfate )9), followed by potential cycling in 0.1 M H2S04under Ar 
atmosphere . 
The solid polymer electrolyte consisted of particles of i\ afion i\R50 
(1.2 to 1.3 mm in diameter and 2 to 3 mm in length, equivalent weight 
(EW) = 1200). The as received yellowish colored Nafion was first con-
verted to a H+ form by immersion in 1.0 M H2S04, and then it was 
converted to a Li+ form by immersion in 0.5 M LiOH. The surface of 
the N afion particles was then rendered smooth by heating the N afion 
in a solution of 1:1 (by volume) propanol:water to about 190 'C in au-
toclave for 3 to 4 hours, followed by recrystallization at about 120 'C 
for about 2 hours, and then cooling under ambient conditions to room 
temperature. Fine platinum wires (70 J.Lm diameter) were inserted into 
the resulting swollen Nafion particles to serve as a hydrogen reference 
electrode. The swollen Nafion particles were subsequently reshrunk by 
immersion in 0.1 M H2S04, and were then treated to decompose organic 
impurities by lightly boiling in potassium permanganate solution. The 
permanganate was removed by overnight immersion in 0.1 % aqueous 
hydrazine, followed by boiling in hot aqueous 1 M HN03, and then boil-
ing in deionized water from a Barnstead N anopure® water system. The 
resulting Nafion particles were colorless. 
The cell assembly is shown in Fig. 4.2. The Nafion particle was 
inserted into the glass capillary cell, which in turn was inserted into the 
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Figure 4.1 SEM photograph of a typical platinum tip electrode. 
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gas-tight methylmethacrylate cell housing. The capillary was filled with 
0.1 M H2S04, and a platinum wire counter electrode was placed inside the 
capillary. Either argon or hydrogen, humidified at room temperature (ea. 
23'C), was passed through the cell container. The depth of penetration of 
the tip of the platinum micro-electrode into the Nafion was varied using 
a micrometer head. The cell was viewed under an optical microscope 
during the experiments. 
Electrochemical measurements were carried out using a Yanaco P-
1100 polarographic analyzer and a Watanabe WX 441 X-Y recorder. 
SEM micrographs were taken using a Hitachi S-510 scanning electron 
rmcroscope. 
4.3 Mathematical Model 
F . G. Will studied the oxidation of hydrogen at a meniscus formed 
on a platinum electrode immersed partially in aqueous sulfuric acid IO). He 
concluded that the rate of the hydrogen oxidation reaction at the plat-
inum gas diffusion electrode in acidic media was dominated by the rate 
of hydrogen diffusion through the electrolyte film rather than its surface 
diffusion on platinum. Following his results, we assumed that diffusion 
of hydrogen through polymer electrolyte is a rate determining step of 
the anode reaction of PEMFC. A cylindrical diffusion model shown in 
Fig. 4.3 was used to represent the experimental model. In this model. 
a conical platinum micro-electrode was partially inserted into a pol~Tiler 
electrolyte particle under hydrogen atmosphere. The overall hydrogen 
oxidation process proceeds as follows. First, hydrogen gas dissolves into 
the Nafion particle and diffuses through it toward a platinum electrode 
surface. Next, the hydrogen is oxidized electrochen1icall~· at the plat-
inum/ electrolyte interface. It is assunwd that the hydrogen diffusion in 
the gas phase and the hydrogen penetration at the gas/ electrolyte in-
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Figure 4 .2 Schematic diagram of an apparatus for hydrogen oxidation 
experiments. 
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terface are so rapid that hydrogen concentration at the surface of the 
polymer electrolyte is in equilibrium with the gas phase. Furthermore, 
electrochemical oxidation of hydrogen at the platinum electrode is also so 
rapid that the rate of the mass transfer of hydrogen through the N afion 
solely limits the overall reaction. Thus. hydrogen oxidation current at 
the conical tip electrode is decided by the hydrogen flux to the elec-
trode/ electrolyte interface governed by diffusion. 
Diffusion of hydrogen through the N afion is expressed by the fol-
lowing three dimensional cylindrical diffusion equation: 
fJC - ~i_ (nrfJC) + ~ (nfJC) + ~~ (DfJC) (4.1) at - r or or 8 z 8 z r f)() r f)() 
Since the present model has a rotation symmetry along with the z axis, 
fJC / 8() = 0, and the third term of right hand of equation ( 4.1) is 
omitted. Hence, equation ( 4.1) becomes equation ( 4.2), 
fJC = ~i_ (nr fJC) + i_ (naG) 
at r or or fJz fJz (4.2) 
The initial and boundary conditions which satisfy the above conditions 
are expressed as follows: 
at t = 0 
C(r, z) Go ( 4.3) 
at t > 0 
~;I,~ 'm" 0 ( 4.4) 
C(r , 0) ( 4.5) 
where Co denotes the hydrogen concentration in N afion which is equili-
brated with hydrogen in the gas phase. 
The differential equation was solved numerically using a control 
volume method and the concentration profile of hydrogen inside a poly-










Figure 4.3 Mathematical diagram of the system used in the computer 
calculation. 
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various electrode insertion depths was also calculated using the hydro-
gen concentration profile around the electrode surface. The computer 
simulation results were compared with the experimental ones. 
4.4 Results and Discussion 
4.4 .1 Experimental results 
The catalyst utilization in PEMFC is dependent on the depth to 
which the reactant gases diffuse through the polymer electrolyte and reach 
active sites on carbon-supported platinum catalyst (Fig. 4.4 (a)). 
In order to obtain an estimate of the depth to which the reaction 
zone can be extended, we have simulated the oxidation of hydrogen gas at 
anodes in PEMFC by inserting platinum wires polished to a fine conical 
tip into Nafion under hydrogen atmosphere (Fig. 4.4 (b)). The depth 
of insertion of the platinum micro-electrodes into the Nafion was varied, 
thereby catalyst layers of different depths being simulated. , 
Before hydrogen oxidation experiments, the purity of the system 
was checked by cyclic voltammetry under argon atmosphere. A typi-
cal cyclic voltammogTam, obtained with the tip of the micro-electrode 
inserted into the Nafion to a depth of 100 J-Lm, is shown in Fig. 4.5. 
Although a slight shoulder peak at about +0.1 V vs. RHE and the 
slightly rising currents at higher anodic potentials indicate that the sys-
tem was not completely free of organic impurities, the voltammogram 
is well-defined, and is typical of voltammograms for platinum in acidic 
media. This voltammogram for Pt in bulk Nafion (Fig. 4.5) is similar 
to those reported by previous workers for Pt in bulk11), recast 12), and 
solution-processed13) Nafions. The inserted surface areas of the platinum 
micro-electrode were determined from the charge associated with the hy-
drogen desorption peaks. The inserted surface areas at different insertion 





Figure 4.4 Schematic diagram of ~ thre~ phase region (a) in practical 
PEMFC anode and (b) in present s1mulat10n model. 
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face areas. The similarity of the two curves in their shapes indicates that 
there was a good electrical contact between the electrode and the Nafion, 
and that the measured insertion depths were accurate. The actual surface 
areas are greater than the geometric surface areas by an average factor of 
about 2, which represents the surface roughness factor for the Pt/Nafion 
interface. 
In order to get indication of the depth to which the active sites for 
hydrogen oxidation extended into the N afion, the limiting hydrogen oxi-
dation currents were measured with the Pt micro-electrode inserted into 
the Nafion to different insertion depths. In order to obtain the limiting 
current, the potential was scanned at 5 m V s-1, and the current of a flat 
peak observed at 0.3 to 0.6 V vs. RHE was adopted (Fig. 4. 7). Simi-
lar voltammograms were observed for platinum wire meniscus electrodes 
inserted in 0.05 M H2S04. The current decrease (after the peak maxi-
mum) that was observed at potentials higher than about 0.6 V can be 
attributed to inhibition by anion adsorption on the platinum electrode14) 
or partial coverage of the electrode surface by oxides. The peak current 
corresponds to the limiting current for hydrogen oxidation. 
The limiting current values at different insertion depths are plotted 
in Fig. 4.8. As shown in this figure, the oxidation current increased 
rapidly with increasing platinum electrode insertion depth up to about 
50 J.lm. At greater insertion depths, however, the rate of increase of the 
measured currents decreased. 
4.4.2 Computer calculation results 
According to equations ( 4.2) to ( 4.5), concentration profile of hydro-
gen around the platinum tip electrode inserted into N afion and hydrogen 
flux at the electrode surface were evaluated using a numerical calcula-
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Figure 4.5 A typical cyclic voltammogram of the P t microelectrode in-
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Figure 4.6 Dependencies of the inser ted surface area of the Pt micro 
electrode on the electrode insertion depth. 
(a) calculated from the electrode geometry. (b) calculated from hydrogen 















-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Potentail I V vs. R.H.E. 
Figure 4 . 7 Steady state polarization curve on Pt micro electrode under 
hydrogen atmosphere. Sweep rate of the electrode potential was 5 m V s- 1. 
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Figure 4.8 Dependencies of hydrogen oxidation current on Pt electrode 
insertion depth. 
Closed circles denote the experimental data. Curve (a) and (b) show the 
computer calculation results using the cylindrical diffusion model. For 
curve (a). the hydrogen permeability value reported by Yea et al.15) was 
adopted . For curve (b), hydrogen permeability value was adjusted to 
experimental results. 
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evaluated hydrogen flux at the electrode surface. The tip angle ( 4 7°) of 
the conical platinum rnicro-electrode was measured from the SEM micro-
graph in Fig. 4.2. 
Hydrogen diffusion flux through the electrolyte is dependent on the 
separation between neighboring electrodes, because the Nafion surface 
even far from the Pt electrode can contribute to the flux, especially to 
the flux to a deeper part of the Pt electrode. When the separation be-
comes larger, the hydrogen flux should be independent of the separation 
distance. In the present model in Fig. 4.3, the glass wall surrounding the 
Nafion is an insulating wall and this is equal to the middle point between 
the neighboring electrodes from a symmetry consideration. Hence, when 
the Nafion electrolyte radius becomes larger, the concerning electrode can 
be treated as an isolated electrode. The electrolyte radius achieving this 
consideration was first examined. 
The diffusional flux is time dependent. In the present simulation, 
model fitting was conducted under steady state conditions. Therefore, 
the time when hydrogen diffusion can be assumed as in a steady state 
was also examined. 
In these calculations, diffusion coefficient D = 6.6 x 10-7 cm2 s-1 
and solubility C = 2.45x10- 5 mol cm-3 15) were used as the physical pa-
rameters. The calculation results indicated that when the electrolyte size 
was over 3 times larger both in radius and in length than the inserted elec-
trode, the hydrogen oxidation current was independent of the electrolyte 
size. Therefore, the dependency of the hydrogen oxidation current on the 
insertion depth of the conical tip electrode into Nafion particle was calcu-
lated, setting the N afion particle size as 400 J-Lm in diameter and 400 J-Lm 
in length. In these calculations. the hydrogen oxidation current initially 
decreased with time, and a steady state current was attained within 20 s 
at an electrode insertion depth of 100 Jlm. The relationship between the 
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calculated steady state hydrogen oxidation current and in'lPrt i<JJ! d':JJt }J 
of the conical tip electrode was superimposed on the experirn(•ntal n~~ult~ 
in Fig. 4.8 with doted curve (theoretical curve (a)). This figure reveals 
that the theoretical curve had a tendency similar to experimental one up 
to c.a. 50 J-Lm, although the calculated hydrogen oxidation currents were 
smaller than the experimental values. 
Permeability (D x C) of hydrogen and oxygen in Nafion under var-
ious conditions have been extensively studied by many workersl2,15-18). 
The reported permeability values varies widely depending on the workers 
and the experimental conditions. For example, hydrogen permeability 
values in the recast Nafion contacted with 85 % H3P04 are ranging 
from 3.5 x 10- 12 mol cm-1s-1 to 8.6 x 10- 12 mol cm- 1s-1 17). In Nafion 
120 which contacted with 14% HCl, P = 1.6 x 10-11 mol cm-ls-1 was 
reported15). For oxygen, Gottesfeld et al12). reported for the recast Nafion 
that the permeability value contacting with 0.5 M H2S04 was approxi-
mately 10 times higher than that contacting with 85 % H3P04. It is 
reasonable to consider that hydrogen permeability in Nafion contacting 
with 0.1 M H2S04 is higher than that contacting with 85 % H3P04. 
FUrthermore, in the present experiment, the Nafion NR50 particle was 
precedingly swollen in propanol at 190 OC . Therefore, the hydrogen per-
meability in the used Nafion should be higher than the value used in the 
present computer calculation. the value through the Nafion 120 mem-
brane contacted with 14 % HCI. 
Penneability coefficient of hydrogen in the Nafion NR50 was ad-
justed until obtained curve was fitting well to experimental results. The 
resulting theoretical curve was superimposed in Fig. <!.8 as a cun·e (b). 
The adopting permeability value was ea. 2 times higher than the value 
reported by Ogumi et al. 
Based on the above discussion, this permeability value rnay be rea-
sonable for Nafion NR50 contacting with O.ll\1 H2S04. The experimental 
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values at the ins<'rtion depth ranging from 10 to 15 J-Lm deviated from 
the curYe (b). A.s shown in Fig. 4.6, the electrode surface area at the 
in~ertiou depth ranging from 10 to 15 J-Lm also deviated from geometric 
:::urfact' nrea. Thus the deviation may be caused by the irregularity of the 
c~.)uiral platinnn1 tip electrode shown in Fig. 4.3. 
· Therefore. theses results indicated that the hydrogen oxidation re-
action at the Nation/platinum interface proceeded under hydrogen dif-
fusion limiting conditions expressed by the cylindrical diffusion model in 
equations ( 4.2) to ( 4.5). 
The simulation results indicate that the oxidation current should 
be increases with increasing the insertion depth even at the deeper inser-
tion depths ( > 50 J-Lm). \Villson et al. reported that the active sites for 
hydrogen oxidation in PEr.riFC extended to ea. 4 J-Lm inside the polymer 
electrolyte4•5) . At the catalytic layers in actual PEMFC electrodes, the 
distance between two neighboring platinum particles (or carbon particles 
supporting platinum black catalyst) is close to each other and hydrogen 
cannot access the deep portion of the catalyst electrode in polymer elec-
trolyte. In the experiments, however, single platinum electrode tip was 
used. The distance between two neighboring platinum particles is as-
sumed to be infinite. Furthermore the shape of the electrode used in this 
study might be different from that of the practical electrodes in PEMFC 
anodes (see Fig. 4.4). The present results exhibit that hydrogen can 
access the deep portion of the inserted electrode. Thus, with a large 
distance between neighboring two platinum particles, a high platinum 
catalyst utilization would be achievable, although the practical apparent 
current densities may be decreased. The large electrode particle spacing 
may also enhance an ionic conductivity of the polymer electrolyte at th<' 
cost of the efficiency loss of the fuel-cell systern due to the permeation 
of reactant gases through the electrolyte membrane. The large particle 
spacing leads to the high mass transport rate through the porous cata-
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lyst electrodes of PEMFC. In designing the practical carbon supported 
platinum electrode for PErviFC, these factors have to be taken into con-
sideration. 
4.5 Conclusion 
The depth of the active site for hydrogen oxidation on platinum 
electrodes in Nafion solid polymer electrolyte was investigated by insert-
ing platinum micro-electrodes into Nafion to different depths under hy-
drogen atmosphere and measuring the corresponding hydrogen oxidation 
currents. The experimental results were well fitted with the mathemat-
ical calculation results using cylindrical diffusion model. These results 
indicated that hydrogen oxidation reaction on anode in PEMFC pro-
ceeded under hydrogen diffusion limiting conditions. Furthermore, the 
results also indicated that the three-dimensional reaction zone extended 
fairly deeply inside the Nafion, and therefore suggested criterion for cat-
alyst loading in PEMFC; namely, loading the catalyst throughout the 
reaction zone, with relatively wide particle spacing to allow for good gas 
permeation as well as good ionic conductivity. 
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A New Type Oxygen Sensor 
Composed of Tightly Stacked 
Membrane /Electrode/ Electrolyte 
5.1 Introduction 
Recently, many different types of electrochemical oxygen sensors, 
such as solid electrolyte type ones and Clark type ones, have been de-
veloped. Yttria stabilized zirconia (YSZ) and carcia stabilized zirconia 
(CSZ), which exhibit fairly high oxygen-ion conductivity at the elevated 
temperature, are utilized for the electrolytes of solid state oxygen sensors. 
In these sensors, oxygen is detected as an electro'motive force between two 
porous electrodes deposited on each side of YSZ or CSZ membrane which 
separates two phases, a reference phase of fixed oxygen partial pressure 
and a test phase of unknown oxygen partial pressure. The electromotive 
force is proportional to the logarithmic of oxygen partial pressure of test 
phase. However , these oxygen sensors are limited to the use only at the 
temperature higher than ea. 400 OC 1•2) except for a few sensors which are 
lately reported to be able to operate at room temperature3•4). 
Oxygen dissolved in aqueous solutions and gaseous oxygen at room 
temperature are usually determined by Clark type oxygen sensors. In 
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Clark type sensors, oxygen is reduced clectrochemically under diffusion 
limiting conditions at a cathode which is separated from sample gas or 
sample solution by a hydrophobic oxygen transport limiting (OTL) mem-
brane. Oxygen is r<>duced at the electrode and the magnitude of the re-
duction current is a rneasure of oxygen content and directly proportional 
to the oxygen concentration of the sample bulk. 
Clark type and modified Clark type oxygen sensors are used also as 
a component of bio-sensors; Different kinds of enzyme are, for example, 
immobilized on the OTL membrane of the Clark type oxygen sensor. Fur-
thermore. applications of the Clark type oxygen sensor become increasing 
more and more. 
Clark type oxygen sensors. however, have some draw backs; e.g. 
difficulties in miniaturization and stability under conditions where the 
pressure may change. These draw backs difficulties originate from its 
principle that the sensor contains a liquid layer between a cathode and a 
OTL polymer film through which the gas to be detected perrneates. 
Previously, Ogumi et al. reported that oxygen was reduced on an 
SPE (Solid Polymer Electrolyte) composite electrode which was prepared 
bY electroless deposition of porous platinum electrode on Nafion(Pt-
:\ afion). Yia a 4 electron process5). 
(5.1) 
In this chapter, the author proposes a new type amperometric oxy-
gen sensor operating at room temperature which is composed of SPE 
composite electrodes. Fundamental properties of the sensor are mainly 
examined. 
5 .2 Principle of t h e new typ e oxygen se n sor 
One of the most important applications of an SPE composite elec-
- 108 
trode is a H2-02 Polymer Electrolyte :tvlembrane Fuel Cells (PEMFC)6•9>. 
In PEMFC, the SPE composite electrode is used as a cathode and an an-
ode. Th<> cathode reaction in PEMFC is oxygen reduction which is the 
same as that of oxygen sensing reaction in a Clark type oxygen sensor. 
As described earlier, Ogumi et al. reported that, oxygen reduction at the 
SPE composite electrode contacting with acidic media proceeds fast. 5) In 
this type of electrode, even if the electrode bound on a polymer electro-
lyte is tightly covered with oxygen permeable polymer film(shown Fig. 
5.1), oxygen can diffuse to electrode surface through the polymer film 
and be reduced electrochemically by the equation (5.1). Therefore, the 
SPE composite electrode covered with an appropriate polymer film can 
be utilized for an oxygen sensor. 
The structural model of the new type oxygen sensor is schematically 
described in Fig. 5.1. A polymer electrolyte behaves as both an electro-
lyte and a support for the sensing electrode. This structure enables us to 
use a thin OTL membrane and it enhances a sensor response. A counter 
electrode is set either on the opposite side of the polymer electrolyte 
membrane (a) or in the electrolyte solution contacting the polymer elec-
trolyte (b). In the latter case, the above oxygen reduction can be forced 
to proceed potentiostatically. In this chapter, the latter case is focused. 
Oxygen in test fluids permeates through the OTL membrane and reaches 
the sensing electrode bound on the Nafion which is set at the potential 
at which oxygen is reduced rapidly following the above equation. If the 
oxygen is reduced under diffusion limiting conditions through the OTL 
membrane as in the case of Clark type sensors, the current will be propor-
tional to the oxygen content in the test fluid. In comparison with a Clark 
type sensor, no solution is required to exist between a sensing electrode 
and a OTL membrane. This structure not only enable the reduction of 
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hances the stability and reliability of the sensor10) and therefore, enable 
its miniaturization. 
5.3 Experimental 
5.3.1 Preparation of an OTL membrane covering SPE composite elec-
trode 
In the present work, a sensor having 3 electrodes was prepared (Fig. 
5.2). A perfluorosulfonate cation-exchange membrane, Nafion 117, was 
used as an SPE material because of its chemical and thermal stability. A 
porous platinum sensing electrode was deposited directly on the Nafion 
surface (Pt-Nafion) by the method previously reported11). High density 
polyethylene (PE) film (MITSUI chemicals) having 10 J..tm in thickness 
was chosen as an OTL membrane and it was directly bound on the sensing 
electrode by hot-pressing at ca.100 OC applying desirable pressure (PE-
Pt-Nafion). Figure 5.3 shows a scanning electron micrograph of the cross-
sectional view of the PE-Pt-N afion. This micrograph shows that the OTL 
membrane covers and contacts well with the rough surface of the porous 
cathode and that its thickness is fairly uniform. An outer surface of the 
PE-film is smooth and no pinhole is observed. The thickness of the OTL 
membrane was controlled by changing the numbers of PE-films. 
5.3.2 Measuring cell 
(a) Counter electrode is set on the 
opposite side of the membrane. The PE-Pt-Nafion was mounted in the cell shown in Fig. 5.2. The 
Figure 5.1 A principles of an oxygen sensor utilizing tightly stacked 
membrane I electrode I electrolyte. 
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bare Nafion surface of this composite electrode faced against a liquid 
electrolyte in which a counter electrode (platinum wire) and a reference 
electrode (sat. Ag/ AgCl) were immersed. Since 0.5 mol dm- 3 sulfu-
ric acid was used as an electrolyte, oxidation of water proceeds on the 
counter electrode. Test gases containing oxygen were introduced into a 
gas compartment of the cell at 1. 7 cm3 s-1. 
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Figure 5.2 Schematic diagram of an oxygen sensor and an arrangement 
of the measuring apparatus. 
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1 00 Jl m 
Figure 5 .3 A scanning electron micrograph of the cross section of the 
oxygen sensor. 
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5. 3. 3 Measuring procedure 
The thickness of the OTL varied from 16 to 60 J.Lm. The dependency 
of the oxygen reduction current on the oxygen content was examined 
changing the content from 0 to 100 %. The response time was exan1ine<l 
by changing stepwise the gas composition from Ar to 100 % oxygen and 
from 100 o/c oxygen to Ar. 
A sensing electrode (cathode) potential was controll<'cl using a po-
tentiostat (Hokuto Denko Model HA301). The electrode potential was 
scanned using a function generator (Hokuto Denko Model HB-111). The 
potential-current relationships were recorded on an X-Y recorder (Graph-
tee Model \VX2400). To compare with the Pt-Nafion coated with a OTL 
layer, bare Pt-Nafion was also examined. 
All experiments were carried out at room temperature. 
5. 8. 4 Chemicals 
All chemicals except hydrazine were of reagent grade. Hydrazine as 
a reductant for platinum plating was of chemical pure grade. Chemicals 
were used without further purification. Solutions were prepared with 
distilled water. Argon was of 99.998 % purity and oxygen of 99.995 % 
purity. 
5.4 R esult and Discussion 
5.4.1 Oxygen reduction at Pt-Nafion co'uered with an OTL membrane 
The electrochemical behavior of the OTL membrane covering Pt-
Nafion (PE-Pt-Nafion) was examined. Initially, potential of the platinum 
electrode of the PE-Pt-Nafion was set at 0.6 V and was swept cathodically 
to 0.0 V with the scan rate of 1.0 m V s-1. Obtained polarization curves 
arc shown in Fig. 5.4. As shown in this figure, when the potential 
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became lower than 0.4 V, a limiting current was observed under 100 % 
02 atmosphere. On the other hand, on bare Pt-Nafion any clear limiting 
current was not observed. These facts indicate that the PE film bound 
on the porous platinum electrode behaves as an OTL layer. 
When the oxygen reduction proceeds under diffusion limiting condi-
tion, a linear relationship between bulk oxygen concentration and oxygen 
reduction current should be observed. Therefore, the electrode potential 
was set at 150 m V and the steady· state oxygen reduction currents were 
measured under various oxygen concentration of gas samples. For every 
OTL membrane thickness. the background current measured in Ar ,~·as 
less than 2 % of the current at 100 % oxygen concentration. 
The dependencies of the oxygen reduction current on the oxygen 
concentration were shown in Fig. 5.5. As shov;n in this figure. for every 
thickness of OTL membranes, the linear relationships were observed at 
the oxygen concentration ranging frmn 0 to 100 o/c. The slope of the lines 
in Fig. 5.5 decreased with increasing OTL membrane thickness. 
5.4.2 Influence of the thickness of OTL membranes 
When the oxygen reduction occurs under diffusion limiting condi-
tions, the reduction current is represented by the following equation: 
. - F tDsPo2 z - n .ri. -8- (5.2) 
where, n is a number of transferred electrons, 4, F is faradaic constant, 
A is a surface area of the electrode, D is a diffusion coefficient of oxygen 
through the OTL rnembrane. s is a solubility coefficient of oxygen in 
OTL membrane, Po2 is a pressure of oxygen, and 8 is a thickness of OTL 
membrane. 
The d<'pendencies of the oxygen reduction current on the thickness 
of OTL membrane at 100 %oxygen are shown in Fig. 5.7. As shown in 
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Figure 5 .4 Polarization curves of the oxygen sensor (a) and bare Pt-
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Figure 5.5 The relationships between the oxygen reduction current of 
an oxygen sensor and oxygen concentration in sample gas. 
The thickness of PE film covering the platinum is (a) 16 J-Lm, (b) 23 J-Lm, 
(c) 32 J-Lm, (d) 60 J-Lm. 
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60 pm, a linear relationship between inverse of the thickness and cathodic 
current was observed. This linear relationship indicates that the oxygen 
reduction current (rate of oxygen reduction reaction) follows the equation 
(5.2) and that the PE-Pt-Nafion can be utilized for an oxygen sensor. 
Table 5.1 Permeability and diffusion coefficients of oxygen in PE film. 
OTL film Detected Permeability Diffusion 90% 
thickness current coefficient response time 
8 I P o2 D Exp. Calc. 
J.Lm J.LA cm3 (STP) cm
2s-1 s s 
cm-1s-1 cmHg- 1 
16 33.5 2.1 X 10-lO 2.0 X 10-7 6 3.0 
23 24.8 2.2 X 10-10 2.0 X 10-7 13 8.0 
32 16.8 2.1 X 10- lO 2.0 X 10-7 21 15.6 
60 6.9 1.6 X 10- 10 2.0 X 10-7 50 49.7 
According to equation (5.2), a permeability of oxygen through OTL 
membrane (P o
2
), which is defined as a product of a diffusion coefficient 
and a solubility co<'fficient of oxygen in OTL membrane (D x s ), was 
calculated. The permeability for each thickness of the OTL membrane is 
summarized in Table 5.1. As expected from the linear relationship in Fig. 
- 118-
5.6, obtained permeability were almost sarne valtH'. Thf! rwrrw·ability 
values were comparable to the value for a low df·n~it.\· PE filrn (2.89 x 
10- 10) rather than the value for a high density PE film ( 4.1 x 10 11) . Since 
recrystalization of the polycthylene film occurred during the hot-pressing, 
oxygen permeability might be increased. 
5.4 .3 Responsibility 
Responsibility of the sensor is one of the most important properties. 
When the sample gas was changed from Ar to 100 % 0 2 or changed 
from 100 % 02 to Ar, abrupt change in the oxygen reduction current 
was observed. The time response curve for the PE-Pt-Nafion having 16 
J.Lm thick OTL membrane is shown in Fig. 5.7. Build-up (from Ar to 
02) and decay (from 02 to Ar) of the curve in this figure show that the 
steady state current was reached within 15 s in both cases. An average 
90 % transient time for each OTL membranes were listed in Table 5.1. 
As listed in this table, the 90 % transient time for the OTL membrane 
of 60 J.Lm thickness was c.a. 50 s and for the 16 J.Lm thickness was c.a. 6 
s. This response time ( 6 s) of the sensor is fast in comparison with that 
for typical Clark-type oxygen sensors13) . 
To elucidate the diffusion mechanism of oxygen through the OTL 
membrane covering Pt-Nafion, the current response curves were calcu-
lated from theoretical diffusion model and were compared with the ex-
perimental ones. Solving the Fick's 2nd low (5.3) under the initial and 
boundary conditions in equations (5.4) or (5.5), the theoretical curves 
were obtained. 
(5.3) 
for build up 
C(x, 0) = 0.0, C(O, t) = C0, C(8, t) = 0.0 (t > 0, 0 <= x <= 8) (5.4) 
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Figure 5.6 Dependencies of sensing current for 100% oxygen gas on the 
thickness of OTL membrane. 
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Figure 5. 7 Time response curve of the oxygen signal current of the oxy-
gen sensor, when the thickness of OTL membrane (PE) was 16 J..Lm. 
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for decay 
C(x,O) = C0, C(O,t) = 0.0, C(6,t) = 0.0 (t > 0,0 <= x <= 6) (5.5) 
At the OTL membrane/sample gas interface, x = 0 and at. the 
electrode/OTL membrane interface, x = 6. 
The fitted curves for OTL membrane thickness of 16 p,1n were shown 
in Fig. 5.8. In this figure T denotes the dimensionless time defined as 
followed: 
Dt 
T = 62 (5.6) 
As shown in this figure, the curves fitted well to the theoretical ones 
up to the 80 % of the final current changes. Over 80 % change, however, 
the response delayed. T he deviation from the theoretical curves become 
less remarkable when the thickness of OTL membrane increases. 
In the theoretical calculation using the boundary conditions of equa-
tions (5.4) and (5.5), both surfaces of the OTL membrane were assumed 
as flat plane (flat plane model). As shown in Fig. 5.3, however, the elec-
trode side of the OTL layer was rough. Therefore, the influence of surface 
roughness on time response of the current was examined. Since rigorous 
description of the surface roughness of the OTL membrane was difficult , 
the roughness was assumed as a grating pattern (grating model). In this 
model, OTL membrane has pits whose width and depth are 10 %of the 
original membrane thickness. The pits are arranged with a space of those 
width. 
Using the grating model, equation (5.3) was solved numerically us-
ing control volume method. In these calculations, original thickness of 
the OTL membrane which is the same as that in a flat plane model was 
adapted for 6 in T (equation (5.6)). Resulting theoretical curve is shown 
in Fig. 5. 9 (a). As shown in this figure, the shape of the response curve of 
the grating model is identical to that of the flat plane model (b), except 
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Figure 5 .8 Comparison of the experimental time response data of the 
oxygen sensor with theoretical curves. 
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n1odel. Since the effective film thickness in the grating model should be 
thinner than that in a flat plane model, the membrane thickness thinner 
than that of original one was adapted. As shown in Fig. 5.9 (c), the 
theoretical curve obtained for the membrane thickness 7% thinner than 
the original n1embrane is in good agreement with that for grating model. 
The thickness of OTL membrane estimated from the micrograph in 
Fig. 5.3 Yaries from place to place, so that the thickness were averaged. 
Therefore. the diffusion coefficient in the equation (5.3) was calculated 
using flat plane model. When r becomes 0.138, the normalized current 
become 0.5 for a flat plane model in Fig. 5.8. The diffusion coefficients 
of oxygen in each thickness of OTL membranes were calculated using a 
fiat plane model. 
The diffusion coefficients obtained from grating model were compa-
rable to those from fiat plain model. 
These values are comparable to that of a low density PE film 4.6 
x 10- 7 cm2 s-1 and that of a high density one 1. 7 x 10- 7 cm2 s-1 12). 
These results indicate that the new type oxygen sensor behaves almost 
theoretically. 
For each thickness of OTL membranes, 90 % response time was 
calculated using the diffusion coefficient and listed also in Table. 5.1. In 
the case of OTL thickness was 60 {lm , the 90 % response time was in good 
agreement with the theoretical value. In other cases t he experimental 
response time were longer than the calculated values. 
5.5 Conclusion 
From the above results it is concluded that PE-Pt-Nafion behaves 
as an amperometric type oxygen sensor and the current is in proportion 
to the oxygen content ranging from 0 to 100 %. The sensor performance 
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Figure 5.9 Fitting the theoretical response curve for the grating model 
(a) to those for flat plane model (b , c). In curve (b), thickness of the OTL 
membrane is the same as the original thickness of the grating model. In 
curve (c), OTL membrane whose thickness is 7 % thinner than the original 
membrane is adapted. 
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fast response time was obtained from the new type sensor. This new 
sensor is expected to be miniaturized and to be used as a base component 
of many types of enzyme sensors. 
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Chapter 6 
Preparation and P erformance 
of An Oxygen Sensor 
Composed of Tightly Stacked 
Membrane /Electrode /Electrolyte 
6 .1 Introduction 
Recently, different kinds of electrochemical oxygen sensors operat-
ing at room temperature have been investigated1- 3). Clark type sensors 
of an amperometric type are most extensively investigated and in practi-
cal use today. However, this type of sensors is difficult to be miniaturized 
because of its structure4). In the preliminary communication we have pre-
viously reported a new type of oxygen sensor5). This sensor is comprised 
of an oxygen-transport-limiting (OTL) layer which is tightly bound on a 
solid-polymer-electrolyte (SPE) composite electrode. The SPE composite 
electrode is composed of a porous platinum electrode directly deposited 
on an SPE material, usually a cation-exchange membrane. Since this 
sensor does not require any liquid between the OTL layer and the sens-
ing electrode, it is capable to miniaturize it in principle and a stable 
performance is expected under conditions of pressure difference. In this 
chapter, preparation of a small sensing probe of ea. 1.2 mm diameter and 
its performance are investigated. 
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6.2 Experimental 
6. 2.1 Preparation of the oxygen sensor 
The structure of the sensor prepared in this work is schematically 
described in Fig. 6.1. The sensor was composed by two electrodes. One of 
them was a sensing electrode and the other was a counter electrode. The 
sensing electrode was porous platinum and directly bound on the SPE ma-
terial by an electroless plating method, the details of w hi eh was reported 
elsewhere6). Since the SPE material contacts directly with a sensing elec-
trode as shown in the figure, a high chemical stability is required for 
the material. From this point of view, Nafion NR50, perfluorosulfonate 
cation-exchange resin of a cylindrical lump of ca.l.2 mm diameter and 3 
mm length in average, which is widely used as a solid super acid catalysts, 
was used as an SPE material of the composite electrode comprising an 
oxygen sensor. 
A borosilicate glass tube with an internal diameter of 1.2 mm, an 
outer diameter of 7.0 mm, and a length of ea. 50 mm was used as a sensor 
body. Gold was sputter-deposited on a cross-sectional surface of the glass 
tube to get an electrical contact with the sensing electrode. A Nafion 
NR50 lump was inserted into the capillary of the glass body followed 
by a deposition of the porous platinum layer which contacted with the 
gold layer to give electrical contact during deposition. This composite 
electrode is termed henceforth as Pt-Nafion. An OTL layer was then 
coated on the porous platinum electrode by the method described below. 
As an electrolyte, 1 mol dm-3 hydrochloric acid was filled in the room of 
the glass capillary and silver wire of 0.5 mm diameter was inserted into 
the solution for use as a counter electrode. Immersed length of the silver 
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F ig ure 6.1 Schematic diagram of the sensor. 
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6.2.2 Coating of OTL films 
Since an OTL layer contacts directly with the sensing electrode, it is 
required for the layer to have enough chemical and mechanical stability to 
prevent from contamination of the sensing electrode and to obtain a sta-
ble performance. This requirement is severer for the sensors of the present 
investigation than for Clark type sensors because the film directly con-
tacts with the sensing electrode in the case of the former sensor. Although 
polyethylene films were used in our previous work, perfluoro-polymer was 
selected here as the OTL layer. The thickness of the OTL layer has a re-
. 
markable influence on the sensor performance both in response time and 
signal magnitude. The thinner the thickness, the faster the response is 
and the larger the magnitude is. Since perfluorocarbons show high oxy-
gen solubility7), a larger signal current and higher oxygen selectivity are 
expected for them than those for polyethylene. The film is also required 
to tightly adhere on the electrode and to be free from pinhole and uniform 
in thickness for the high sensor performance. Since it is very difficult for 
conventional coating methods to satisfy these requirements, a plasma-
polymerization technique was selected because this technique is known 
to give an ultrathin, pinhole-free, and uniform film adhering tightly on a 
substrate from different kinds of precursor. As described in Fig. 6.2, an 
apparatus for the plasma polymerization was constructed from a borosil-
icate glass cylinder with two side arms. The reactor contains a couple of 
stainless steel disk electrodes placed parallelly with 2.5 cm gap. On these 
electrodes: an RF power was applied from an RF power supply (Samco 
:viodel FG-200) via a matching network to generate plasma. A substratC' 
which was the glass tube inserted with the composite electrode was set 
in the after-glow region, at the downstream from the plasma electrodes. 
The distance from ends of the electrode was changed to obtain a desir-
able coating. After introducing argon to the glass chamber evacuated 
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by a rotary pump, plasma was ignited by applying an RF power of 15 
W. After generating a stable plasma a precursor gas for plasma polymer-
ization, hexafluoropropene (Daikin), was introduced into the chamber at 
3 cm3 min-1. A pressure in the glass chamber was kept at 0.5 Torr by 
controlling a main valve. Polymerization was carried out for 6 hours. 
The details on the influences of plasma parameter on the properties of 
plasma polymer will be discussed elsewhere. IR spectra (Shimadzu Model 
FT-IR4100) and XPS (Matsushita Techno Research) measurements were 
carried out to characterize the plasma-polymerized film. 
6. 2. 3 Test cells 
Sample solutions containing oxygen were prepared and filled in a 
glass test cell shown in Fig. 6.3. Argon and oxygen mixture was intro-
duced into the cell. A test sensor was immers~d into the sample solution. 
Prior to the measurement, the sample solution was bubbled with the gas 
for half an hour. Concentration of the dissolved oxygen was controlled by 
changing of the oxygen partial pressure of the mixed gas from 0 to 1 atm. 
Dissolved oxygen was simultaneously monitored with a commercial DO 
meter (Horiba DO-Meter DO-SF) (not shown in the figure). The solution 
bubbled with the mixed gas was magnetically stirred during measurement 
in order to eliminate the formation of a depletion layer at the interface 
between the OTL layer and a test solution. 
6.2.4 Measuring procedure 
Using a potentiostat (Hokuto Denko Model HA301), constant volt-
age was applied between a sensing electrode (cathode) and a counter 
electrode (anode) of the sensor. The applied voltage was scanned us-
ing a function generator (Hokuto Denko Model HB-111). The voltage-

























Figure 6.3 Measuring cell of the sensor characteristics. 
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\VX2400). To con1pare with the sensor coated with an OTL layer, bare 
Pt<\afion was abo examined, 'vhich had the same composition as the 
sensor except that a porous electrode deposited on Nafion NR50 was not 
coYered with a plasma-polymer layer and contacted directly with a test 
solution. All experiments were carried out at roon1 temperature. 
6. 2. 5 Chemicals 
All chemicals except hydrazine were of reagent grade. Hydrazine as 
a reductant for platinum plating procedure was of chemical pure grade. 
Chemicals were used without further purification. Solutions were pre-
pared with distilled water. The purity of argon was 99.998 % and of 
oxygen was 99.995 %. 
6.3 Results and Discussion 
6.3.1 Characterization of the plasma polymerized film 
Plasma polymerization was first examined in order to obtain a good 
OTL layer. A gold sputtered glass plate was used as a substrate. Plasma 
polymerization was carried out for 6 hours under the plasma conditions 
mentioned above. The substrate covered with a thin plasma-polymer 
layer was examined by IR spectroscopy and XPS measurements. An IR 
spectrum was obscure but very similar to that of a co-polymer chemically 
produced from tetrafluoroethylene and hexafluoropropene except an ab-
sorption peak at 1730 cm- 1 ascribed to C=O stretching. The distance of 
the substrate from the electrode edge did not give a significant influence 
on the IR spectrum. The layer thickness was measured by SEM obser-
vation. The weight of the plasma polymerized layer was measured by a 
microbalance. From these measurements density of the plasma polymer 
was calculated and the value was 1.75 g cm-3 which was smaller than the 
value of chCinical co-polymer (2.12-2.17 g cm-3). From C1s peaks of XPS 
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spectrum of the plasma-polymer the existence of CF3, CF2, CF(COO), C-
CFn(C-0), and CF-CF(C=O) was suggested. That is, some oxygen was 
introduced into the plasma-polymer. This oxygen might be int roduced 
from residual water in the reactor. An XPS spectrum suggested that the 
ratio of oxygen to fluorine was less than 0.04. From these results it was 
concluded that the structure of plasma-polymerized film was similar to 
the one of the radical co-polymer except that a small amount of oxygen 
containing functional groups existed and the polymer was cross-linked. 
The oxygen permeation rate through cross-linked perfluoro-polymers is 
expected to be faster than the rate through uncross-linked polymers8). 
FUrthermore, the more the contents of CF3 in the polymer , the smaller 
the surface energy of the polymer is. The small surface energy retards 
contamination and results in high oxygen solubility8). A SEM photograph 
of Fig. 6.4 shows that a plasma polymerized film covered well the porous 
platinum electrode of Pt-Nafion and is free from pinhole and uniform. 
The plasma-polymerized OTL layers of 10 and 3.5 J.Lmin thickness were 
deposited on the Pt-Nafion surface. 
6.3.2 Polarization curves 
Figure 6.5 shows current voltage curves obtained by a linear voltage 
sweep method in the range between 0.6 V and -0.2 V at a sweep rate of 
1 m V s-1. Curve (a) was obtained under argon bubbling. This curve 
shows the background current. Curves (b), (c), and (d) were obtained 
using a solution saturated with pure oxygen. Both curves (b) and (c) were 
obtained with the oxygen sensor which was not coated with a plasma-
polymer layer (bare Pt-Nafion). The stirring rate of the test solution 
was faster for curve (b) than that for curve (c). Curve (d) was for the 
oxygen sensor coated with a plasma-polymer layer at the stirring rate of 







Figure 6.4 SEM photograph of the cross section of film coated electrode. 
was observed in a potential range between 0.4 V and 0 V where oxygen 
was reduced via a 4 electron process9). 
(6.1) 
In this plateau region, oxygen reduction is expected to proceeds 
under diffusion limiting conditions. On curve (b), plateau current was 
not stable and its magnitude was smaller than that of the curve (c). This 
suggest that the stirring affected the reduction current on the bare Pt-
Nafion. This is because an oxygen diffusion layer was formed between the 
porous platinum cathode and the solution bulk and it was not stable. On 
the other hand, smaller but more stable reduction current than curves 
(b) and (c) was observed for the sensor coated with the plasma-polymer 
layer. 
This result shows that the plasma-polymer coating film behaved 
well as a mass-transport-limiting layer on the porous platinum sensing 
electrode of the sensor. These polarization curves resembled the curve 
on the previously reported oxygen sensor5) which was composed of PE-
film/Pt-cathode/Nafionll7. Although the present sensor was composed 
of two electrodes and constant voltage was applied between the two elec-
trodes, the previous reported sensor had a three electrode structure and 
was operated under potentiostatic conditions. The above resemblance 
suggests that the present sensor behaved as if potentionstatically con-
trolled one. This should be ascribed to that the potential of silver elec-
trode remained at certain stable value under conditions of low current 
density electrolysis and that an ohmic drop in the electrolyte was small 
at a low detection current 10). These conditions kept the potential of 
sensing electrode at fairly stable value and the potential was indirectly 
controlled by an applied voltage. The anode reaction was inferred as a 













-0.2 0.0 0.2 0.4 
Potential/ V vs. counter electrode 
(1 M Ag/AgCI) 
0.6 
F igure 6 .5 Current-voltage characteristics of the sensor. 
(a) : residual current (b), (c): bare electrode, (stirring sp eed (b)<(c)) 
(d) : film coated electrode 
-140-
6.3.3 Sensor performance 
Using a sensor covered with an OTL layer of 3.5 JJm thickness, the 
sensor performance was examined. As shown in Fig. 6.6, sensing current 
on the sensor set at 0.2 V at room temperature increased with increase 
in the oxygen concentration in a test solution. The deviation from the 
linearity at a higher oxygen concentration range might be ascribed to the 
slow rate of oxygen reduction on the sensing porous platinum electrode. 
The details on this point is now under investigation. Using a sensor 
covered with a 10 JJm thick film, a similar relationship was observed. 
Figure 6.7 shows the stability of the sensor. The output current of the 
sensors was measured after storing under following 2 conditions. In the 
first condition, the sensor was stored in water except measuring time. In 
the second condition, the sensor was stored under atmosphere. Curve (a) 
in the figure shows the results in the first , and curve (b) in the second. 
The sensing current fell down during storing for initial 1 or 3 days 
and after that the value remained almost constant for 10 days. The ini-
tial fast falling down of the output current may be caused by residual 
reducible substances introduced into the sensor during preparation. In 
each case, the temperature of test solution was not controlled. The fluc-
tuation in the output currents observed on each sensor should be due to 
the change in the measuring temperature. 
6.4 C onclusion 
An oxygen sensor composed of tightly stacked plasma-polymerized-
perfluoro-film/Pt-cathode/Nafion was prepared and it was applied to 
the detection of a dissolved oxygen. A perfluoro-polymer prepared by 
a plasma polymerization forms a thin uniform film and it is well bound 
on the porous Pt cathode. This polymer film acts as an oxygen-transport-
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Figure 6 .6 Relationship between cathodic current and concentration 
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Figure 6 . 7 Stability of the sensor. 
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with increasing in dissolved oxygen concentration. The preparation pro-
cedure described here is expected to enable the preparation of a micro-
size oxygen sensor in principle. Thickness and gas permeability of the 
oxygen-transport-limiting layer is easily controlled by changing plasma 
conditions. This permits to optirnize the sensor performance. 
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